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FOREWORD 
This i s  t h e  f i n a l  p o r t ,  IITRI-B6102-13, of IITRI 
Pro jec t  B6102, on Contract  N 7-758, e n t i t l e d  " Inves t iga t ion  o f  
Refrac tory  Composites f o r  L i  i d  Rocket Engines , I 1  This R e p o r t  
covers work performed during e  per iod 1 October 1969 t o  31 
October 1970. 
Personnel con t r ibu t ing  t o  t h i s  program were V ,  L ,  H i l l ,  
Manager, Coatings Research, I I T R I  P ro jec t  Manager, and M, J, 
Malatesta ,  A s s i s t a n t  Meta l lu rg i s t ,  respons ib le  f o r  f l u o r i n e  @or- 
ros ion  s t u d i e s  and composite f a b r i c a t i o n .  The Program Manager 
on t h i s  program i s  M t ,  G ,  Heidenreich of  t h e  J e t  Propulsion 
Laboratory. 
Data a r e  recorded. i 
N, M. Parikh, Direc tor  
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, R C H  I N S T I T U T E  
INVESTIGATION OF REFRACTORY COMPOSITES 
FOR LIQUID ROCKET ENGINES 
ABSTRACT 
The o b j e c t i v e  of  t h i s  program was t o  i d e n t i f y  and 
e v a l u a t e  p o t e n t i a l  composite systems f o r  use  i n  exhaus t  afrno- 
sphe re s  c o n t a i n i n g  f luor ine-oxygen i n  l i q u i d  r o c k e t  e n g i n e s ,  
A l i t e r a t u r e  s e a r c h  was conducted t o  d e f i n e  potential 
mat r ix -add i t i ve  combinations f o r  composite systems,  The b a s i s  
f o r  s e l e c t i o n  of m a t e r i a l s  f o r  composites was a  minimum mel t ing  
p o i n t  of 4000" P,  ox ida t ion -co r ros ion  r e s i s t a n c e  i n  f l u o r i n e -  
oxygen, h igh- temperature  s t a b i l i t y ,  and f a b r i c a b i l i t y ,  I r i d i u m  
and i r i d i u m - r i c h  a l l o y s  were t h e  most ox ida t ion -co r ros ion  r e s i s t  
a n t  i n  f luor ine-oxygen a tmospheres .  Data i n  t h e  l i t e r a t u r e  
i n d i c a t e d  t h a t  boron i n  combination w i t h  f luor ine-oxygen would 
f u r t h e r  l i m i t  t h e  p o t e n t i a l  m a t e r i a l s  a v a i l a b l e  f o r  r o c k e t  noz- 
z l e s  and chambers, 
Oxida t ion-cor ros ion  s t u d i e s  were conducted on W-Re-Ir, 
Re-Ir ,  T a I r j  and H f I r j  i n  f l u o r i n e ,  oxygen, hydrogen f l u o r i d & ,  
and t h e i r  combinations,  a t  3000' -4500°F, T e s t s  were a l s o  con-- 
ducted on t h e s e  m a t e r i a l s ,  tungs ten ,  and ATJ g r a p h i t e  i n  boron- 
c o n t a i n i n g  a tmospheres ,  Re- E r  and i r i d i u m  i n t e r m e t a l l i e s  had 
good ox ida t ion -co r ros ion  r e s i s t a n c e  i n  f luor ine-oxygen,  but 
e x h i b i t e d  s u r f a c e  me l t i ng  i n  boron-containing atmospheres a t  
3000" -4000" F ,  W-Re-Hr a l l o y s  had h ighe r  s u r f a c e  r e c e s s i o n  rates 
t han  i r i d i u m - r i c h  systems,  A d i s c u s s i o n  of ox ida t ion -co r ros ion  
mechanisms i s  inc luded ,  
High-temperature i n t e r a c t i o n  s t u d i e s  of i r i d i u m - r i c h  
a l l o y s  i n  combination w i t h  b o r i d e s ,  c a r b i d e s ,  and g r a p h i t e  
r evea l ed  t h a t  t h e  h i g h e s t  mel t ing  systems were T a I r g  i n  combina- 
t i o n  w i t h  TaC and ATJ g r a p h i t e ,  Rhenium was a l s o  shown t o  be 
s t a b l e  i n  c o n t a c t  w i t h  HfC-graphite composi tes .  
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INVESTIGATION OF REFRACTORY COMPOSITES 
FOR LIQUID ROCKET ENGINES 
I. INTRODUCTION 
The development sf materials for liquid rocket engines 
to date has concentrated on hydrocarbon-fueled engines in which 
oxygen is the major corrosive species. Higher specific impulse 
can be obtained with liquid propellant systems in whicb f l u a r i n e  
or OF2 is the oxidizer, such as a diborane-oxygen difluoride sys- 
tem. The exhaust products of these propellants, however, require 
more corrosion-resistant and probably higher melting materials 
than hydrocarbon-fueled engines. Fluorine is as corrosive as ox- 
ygen at high temperatures for many materials, Furthermore, many 
materials which are suitable for oxygen are not resistant to 
fluorine, It was shown on Contract NAS7-431 'l) that nozzle and 
thrust chamber materials must generally be resistant to both  oxy- 
gen and fluorine in order to survive combined fluoride-oxygen en- 
vironments, Thus, nozzle materials which have been developed for 
hydrocarbon-fueled engines are not necessarily applicable to 
fluorine-containing propellant systems. 
A single material with the requisite combination o f  
high melting point, high-temperature strength, and corrosion re- 
sistance for rocket nozzles and thrust chambers of fluorine en- 
gines may not exist, Composite systems offer a means of obtain- 
ing optimum properties in materials for these engine components, 
Promising composite materials beyond those currently available 
need investigation, for their development would enable the full! 
potential of fluorine-containing propellants to be realized, 
This program constituted one of the initial efforts to- 
ward development of nonablative composite materials sp~cifically 
for rocket engine combustion products containing both fluorides 
and oxygen. (Ablative nozzle materials were not included in the 
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scope of t h i s  work,) Accordingly, the  f i r s t  p o r t i o n o f t h e  program 
cons is ted  of a l i t e r a t u r e  survey t o  de f ine  p o t e n t i a l  combinations 
of  r e f r a c t o r y  mate r i a l s  f o r  these  composites. Composite systems 
could then be f a b r i c a t e d  by appropr ia t e  methods. F i n a l l y ,  sehec- 
ted  systems were e v a l u a t e d i n  f l u o r i n e ,  oxygen, hydrogen f l u o r i d e ,  
boron t r i f l u o r i d e  and combinations of these  gases a t  3000"-550Q0F, 
11, EXPERIMENTAL PROCEDURE AND RESULTS 
A,  L i t e r a t u r e  Survey 
Considerable da ta  e x i s t  i n  t h e  l i t e r a t u r e  on the  high- 
temperature s t a b i l i t y ,  r e a c t i v i t y ,  and melt ing po in t s  of most of  
t h e  r e f r a c t o r y  m a t e r i a l s .  This information combined wi th  t h e  
fluorine-oxygen corros ion  information generated on Contract NAS7- 
431 was requi red  t o  s e l e c t  p o t e n t i a l  combinations of m a t e r i a l  f o r  
composite systems. 
Nominally, t h e  composites considered i n  t h i s  program 
d i f f e r  somewhat from those of most composite developments, These 
composites d i d  no t  n e c e s s a r i l y  c o n s i s t  of f i b e r s  andlor  a d i spe r -  
s i o n  of a second phase i n  a mat r ix  whose primary o b j e c t i v e  i s  to 
improve t h e  mechanical p r o p e r t i e s  s f  t h e  system, Rather ,  the p r i -  
mary purpose of t h e  second phase incorpora ted  i n  a s u i t a b l e  m a t r i x  
w a s  t o  improve t h e  r e s i s t a n c e  of t h e  composite t o  oxida t ion-  
co r ros ion  i n  rocket  engine combustion products ,  This a d d i t i o n a l  
l a t i t u d e  i n  t h e  s e l e c t i o n  of combinations of m a t e r i a l s  f o r  csmps- 
s i t e  systems was necessary because a s i n g l e  low-cost m a t e r i a l  d i d  
n o t  e x i s t  f o r  t h e  very severe  opera t ing  condi t ions  of  f l u o r i n e -  
conta in ing  rocket  engines,  
Accordingly, a l i t e r a t u r e  search  w a s  i n i t i a t e d  t o  s u m -  
marize e x i s t i n g  l i t e r a t u r e  d a t a  on high-temperature p r o p e r t i e s  s f  
r e f r a c t o r y  m a t e r i a l s .  I n  genera l ,  t h e  search  was l imi ted  t o  m a -  
t e r i a l s  wi th  melt ing po in t s  above 4 0 0 0 " ~ ~  excluding oxides ,  
The p r o p e r t i e s  examined. included.: 
1. Melting p o i n t s ;  
2. Res is tance  t o  F2, 02, HF, and t h e i r  combinations; 
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3,  High temperature i n t e r a c t i o n s  (melting p o i n t s )  
wi th  o the r  r e f r a c t o r y  m a t e r i a l s ;  and 
4.  Thermal s t a b i l i t y  above 400Q°F. 
I n  a d d i t i o n ,  amenabi l i ty  t o  f a b r i c a t i o n  i n t o  composite 
s t r u c t u r e s  was considered,  although t h e  f a b r i c a t i o n  procedures 
were secondary t o  t h e  oxidat ion-corrosion requirements.  
The unclass i f ied .  l i t e r a t u r e  from 1962 t o  t h e  present  
w a s  examined a s  abs t rac ted  i n :  S c i e n t i f i c  and Technical. Aers-- 
space Reports,  I n t e r n a t i o n a l  Aerospace Abs t rac t s ,  Review of Metal 
L i t e r a t u r e ,  Metals Abs t rac t s ,  Meta l lurg ica l  Abst rac ts ,  and Tech- 
n i c a l  Abst rac ts  B u l l e t i n ,  I n  add i t ion ,  p e r t i n e n t  d a t a  previous 
t o  1962 c i t e d  i n  these  r e p o r t s  were a l s o  obtained f o r  review, 
A t o t a l  of over 75 t e c h n i c a l  r e p o r t s  were acc.umulated. f o r  exami- 
na t ion .  It was found. t h a t  some amo.unt of ad.d.i t ional m a t e r i a l s  
information probably e x i s t s  i n  c l a s s i f i e d .  l i t e r a t u r e .  Exa1-hein.a- 
t i o n  of c l a s s i f i e d  l i t e r a t u r e  and. a b l a t i v e  m a t e r i a l s  was not i n -  
cluded i n  t h i s  survey, 
The m a t e r i a l s  d.ata a r e  Summarized. i n  Tables I "chrough 
V. The magnitude of t h i s  e f f o r t  i s  indicated,  i n  t h e  f a c t  that:, 
excluding oxides,  a t  l e a s t  1x0 known metals ,  n i t r i d e s ,  bo r ides ,  
ca rb ides ,  s i l i c i d e s ,  s u l f i d e s ,  and i n t e r m e t a l l i c s  have m e l t i n g  
p o i n t s  above 4000°F ( 2 2 0 0 " ~ ) .  However, l i t t l e  i s  known about the 
high-temperature p r o p e r t i e s  of most of t h e  l e s s e r  known m a t e r i a l s  
and, t h e r e f o r e ,  a l l  p o t e n t i a l  systems could not  be t r e a t e d  i n  de- 
t a i l .  
It was found t h a t  t h e  most comprehensive eva lua t ion  of 
r e f r a c t o r y  m a t e r i a l s  i n  f l u o r i n e  and hydrogen f l u o r i d e  was the 
work conducted on NAS7-431 (IITRI-B6058-40). ( I )  Consequently, 
t h e s e  d a t a  were t h e  b a s i s  f o r  determining t h e  compa t ib i l i ty  o f  
ma te r iq l s  i n  t h e s e  environments. Since most of  t h e  c l a s s e s  s f  
r e f r a c t o r y  m a t e r i a l s ,  excluding oxides and a b l a t o r s ,  were evalu- 
a t e d  under NAS7-431, a  genera l  comparison of t h e  corros ion  behav- 
i o r  of most r e f r a c t o r y  m a t e r i a l s  was p o s s i b l e  i n  a d d i t i o n  t o  the  
s p e c i f i c  m a t e r i a l s  evaluated i n  f l u o r i n e  and hydrogen f l u o r i d e ,  
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A summary of the  minimum melting po in t s  and supplenera- 
t a l  da ta  f o r  the  elemental  combinations with melting poin ts  
above 4 0 0 " ~  i s  presented i n  Table I ,  The elements, i n  order  of 
decreasing melting po in t ,  include carbon (sublimes -670Q°F), 
tungsten (6100°F), rhenium ( 5 7 2 0 ° ~ ) ,  osmium (548Q°F), tantalum 
( 5 4 3 0 ° ~ ) ,  molybdenum ( 4 7 5 0 ° ~ ) ,  columbium (4470°F), i r id ium 
(4450°F), ruthenium (4130°F), and hafnium (4030°F), I n t e r a c -  
t i o n s  with boron (3950"-4040°F) a r e  not  included i n  Table I ,  but  
a r e  considered i n  subsequent t a b l e s ,  
The m e t a l l i c  elements r ep resen t  f i v e  b a s i c  groups; the  
body-centered cubic  elements molybdenum and tungsten (Group VPB), 
t he  body-centered cubic elements tantalum and columbium ( ~ r o u p  
VB), t h e  platinum group metals osmium, i r id ium,  and ruthenium 
(Group VII I )  , hexagonal rhenium (Group VIIB) , and hexagonal--BCC 
hafnium (Group IVB), Platinum group metals r ep resen t  both hex- 
agonal (osmium and ruthenium) and face-centered cubic ( i r idium) 
c r y s t a l  s t r u c t u r e s .  Because of these  d i f fe rences  i n  c r y s t a l  
s t r u c t u r e s ,  complete s o l i d  s o l u b i l i t y  occurs only i n  combina- 
t i o n s  of Groups VB and VPB elements and i n  the  systems Re-0s and 
Re-Ru. Here, the melt ing po in t  of any b ina ry  a l l o y  i s  r e l a t e d  
d i r e c t l y  t o  the  concent ra t ion  of the  lowest melting element, 
The so l idus  i n  t h e  b ina ry  systems g e n e r a l l y  r ep resen t s  a s t r a i g h t  
f i n e  jo in ing  the  melting po in t s  of the  two c o n s t i t u e n t s .  
Binary systems of m e t a l l i c  elements with d i f f e r e n t  
c r y s t a l  s t r u c t u r e s  r e s u l t s  i n  lower melting e u t e c t i c s ,  p e r i t e c -  
t i c s ,  and i n t e r m e t a l l i c  compounds, These i n t e r a c t i o n s  a r e  indi- 
cated i n  Table I wherever d a t a  e x i s t ,  Obviously, t h e  h ighes t  
melt ing s e r i e s  of b inary  m e t a l l i c  a l l o y s  e x i s t  i n  the  systems X- 
Ta (5400"-6100°F) and W-Mo (4750"-6100°F), However, Table 1 
does i n d i c a t e  t h a t  the  h ighes t  melting nonmetal l ics  a r e  the  c a r -  
b ides  TaC (6910°F) and HfC (6920°F), and of course g r a p h i t e  
(sublimes -6700°F), Melting po in t s  of t h e  MC carbides of the  
l i g h t e r  corresponding elements CbC and Z r C  a r e  6300 OF and 6L80°F, 
r e s p e c t i v e l y ,  a l though zirconium metal  melts  a t  about 3360°F- 
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TABLE I 
SUMMARY OF BINARY SYSTEMS OF ELEMENTS 
WITH MELTING TEMPERATURES I N  EXCESS OF 4 0 0 0 ° ~  
Minimum S o l i d u s  
Tempera ture  
System "C "F Remarks 
High Mel t ing  















- H f  
E u t e c t i c  (25% C) 
E u t e c t i c  (17% C) 
E u t e c t i c  (11% C )  
E u t e c t i c  (0s r i c h )  
E u t e c t i c  (17% C) 
E u t e c t i c  (11% C) 
E u t e c t i c  ( 7% C) 
E u t e c t i c  (Ru r i c h )  
E u t e c t i c  (10% C) 
E u t e c t i c  (26% W) 
Isomorphous Ta M. P. 
E u t e c t i c  (60% W) 
Isomorphous Mo M. P. 
Isomorphous Cb M. P. 
E u t e c t i c  (22% W) 
E u t e c t i c  (55% W) 
E u t e c t i c  (22% W) 
E u t e c t i c  (50% Re) 
Isomorphous 0s M. P. 
E u t e c t i c  (50% Re) 
E u t e c t i c  (48% R e )  
Per i tec t ic  1% M,P, 
Isomorphous Ru M. P ,  
E u t e e t i c  (24% We) 
TaC ( 6 9 2 0 ' ~ )  2 
3 
2 
CbC (6300°F) 3 
4 
3 
H f C  (6925OF) 2 
TABLE I ( c o n t . )  
.- 
Minimum Solidus 
Temperature High Melting 
System "C  OF Remarks Compounds Ref. 
Tantalum-0s 2400 4352 Eutectic (53% Ta) 3 
- Mo 2615 4739 Isomorphous Mo M. P. 5 
- Cb 2468 4474 Isomorphous Cb M.P. 3 
-1r 1950 3542 Eutectic (56% Ta) TaIr3 (4440 O F )  2 
-Ru 1970 3578 Eutectic (29% Ta) 3 
- H f  2110 3830 Minimum (20% Ta) 2 
Osmium-Mo 2380 4316 Eutectic (20% 0s) 
- Cb - - 
- Ir 2443 4430 Peritectic Ir M. P. 
-Ru 2280 4136 Is omorphous Ru M. P. 
- H f  - - No Data Available 
Molybdenum-Cb 2290 4154 Minimum (35% Mo) 2 
-1r 2080 3776 Eutectic (69% Mo) 2 
-Ru 1945 3533 Eutectic (58% Mo) 3 
- H f  1930 3506 Eutectic (42% Mo) Mo2Hf (4170 O F )  3 
Columbium-Ir 1840 3344 Eutectic (55% Cb) 
-Ru 1774 3225 Eutectic (35% Cb) 
- H f  2100 3812 Minimum (-25% Cb) 
Ir idium-Ru 2280 4136 Peritectic Ru M.P. 2 
-Hf 1430 2606 E u t e c t i c  (17% Ir) H f I r 3  (4470°F) 2 
Ruthenium-Hf - - No Data Available 
Unfortunately, all of the high-melting elements, with 
the exception of iridium, have poor oxidation resistance at high. 
temperatures. Only tantalum or hafnium develop oxides which mehe 
above 3000°F. The remaining elements form oxides which melt or 
volatilize below 3000"~. This is true also of iridium, but the 
rate of reaction is relatively slow to the melting point, At 
4000°F, ranking of the elements which form volatile oxides (line- 
ar oxidation rates) in decreasing order of oxidation resistance 
would be iridium, ruthenium, rhenium, osmium, tungsten, molybde- 
num, and carbon. Oxidation of iridium would be about one-fifth 
that of ruthenium, and about an order of magnitude less than 
rhenium. Ranking of tantalum and hafnium in this group would be 
dependent on the testing method, since their oxidation rate would 
be nonlinear and could be controlled by spalling or flow of the 
oxides formed. A more detailed examination of oxidation-corrosion 
of these materials will be presented later. 
A summary of nonmetallic materials with melting points 
above 4000°F, excluding oxides, is presented in Table <I ,  Over 
110 known borides, carbides, nitrides, silicides, sulfides, phss- 
phides and intermetallics are included. In many cases, particu- 
larly for the lesser known materials, the reported melting p o i n t s  
vary widely. No attempt has been made to resolve these differ- 
ences in Table 11, The majority of these materials are carbides 
and borides, although very high melting nitrides (TaN, NfN), siH- 
icides (Hf2Si), and intermetallics (HfRe2) also exist. The remain- 
ing materials, sulfides, phosphides,and low-melting silicides do 
not appear to provide any potential in this program. A more de- 
tailed analysis of these materials is contained in Table V, 
The materials in Table I1 of interest to this program 
include : 
Borid.es: HfB2, ZrB2, TaBz 
Carbides: HfC, TaC, ZrC, CbC 
Nitrides: TaN, HfN, BN 
Intermetallics : HfRe, , HfIr, , TaIr3 
l l r  R E S E A R C H  I N S T I T U T E  
TABLE I1 
SUMMARY OF MATERIALS 
WITH MELTING, SUBLIMATION, OR DECOMPOSITION 
TEMPERATURES ABOVE 4000 OF (2204 OC) 
- 
Melting Temperature 
Mater ia l  " C  "F References  
Borides 
HfB2 3240-3380 5864-6110 6,  7-12 
TaB2 3035-3200 5495-5792 7-10, 12 
Z r B 2  2995-3095 5423-5603 6-8, 11, 12 
Z r B  (a) 2996 8 
Ta3 B4 2620-3030 4748-5486 7-10, 12 
TaB 2400-3090 4352-5594 7¶  9, 10 
Cb3B4 2195-2935 3983-5315 7-10, 12 
CbB 2260-2920 4100-5288 7,  9, 10 
YB4 
(a 2800 5072 8 
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TABLE I1 ( c o n t . )  
M e l t i n g  T e m p e r a m r e  
Material "C "F R e f e r e n c e s  
- 
yB6 2300 4172 7 ,  8 
H f C  
T a C  
CbC 
Z r C  
T h C  
I I T R I - B Q 1 0 2 - 1 3  
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TABLE T I  ( c o n t . )  
M e  1 t i n g  Temperature 
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TABLE I1 ( c o n t . )  
M e l t i n g  T e m p e r a t u r e  
Material " C "F R e f e r e n c e s  
Z r  S i  
(d) Zr3Si2  
S u 1 f i d . e ~  
CeS 2450 4442  
CaS 2400 4352  
Th2S -2300 4 1 7 2  
PrS 2230 4046  
ThS 2220 4028  
Bas >2200 >3992 
P h o s p h i d e s  
Ba3P2 3200  5792  8 
Pa3 '2 -3200 -5792 8 
IITRI-B6102-13 
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TABLE I1 (cont.) 
- 
Melting Temperature 
Material "C "F References 
RePt 
(a)~igh temperature phase. 
(d)~ecomposes. 
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With the exception sf the intermetallics, selected ma- 
terials representing each group were evaluated in fluorine and/or 
hydrogen fluoride on Contract NAS7-431. The only other exception 
is BN, which represents a departure from the reactive metal ni- 
trides (HfN, TaN) that were evaluated in fluorine atmospheres, 
The results with unmodified hafnium and tantalum borides and ni- 
trides demonstrated poor resistance to both fluorine and hydrogen 
fluoride. Consequently, the potential of BN is, at present, ques- 
tionable. Limited evaluation of this material in fluorine was 
conducted in this program to resolve this lack of information on 
fluorine compatibility, 
Intermetallics may be of interest as secondary additions 
to improve the corrosion resistance of other materials, The rhe- 
nium and iridium intermetallics are sf primary interest because of 
the low fluorine corrosion rate of iridium above 3000°F and rheni- 
um above 400O0F, Furthermore, the high iridium concentration. of 
these intermetallics also provides potentially good oxidation re- 
sistance as discussed previously. This potential is the basis for 
examining the fluorine and hydrogen fluoride corrosion resistance 
of W-Re-Ir alloys in this program. 
A summary of the existing data on the compatibility sf 
refractory materials at high temperature is presented in Table 
111. Again, most of the data are associated with refractory bs- 
rides and carbides, since these materials provide the highest in- 
teraction temperatures, Eutectics in the carbon-carbide systems 
are generally high, varying from about 4700°F (C-WC) to about 
5970°F (C-T~c) .(I4) These high melting temperatures provide the 
basis for the development of carbide-graphite composites in which 
the graphite is added to improve the thermal shock resistance, 
On the other hand, boron is incompatible with high melt- 
ing MC carbides at the melting point of boron (4000°F) because 
reactions occur producing borides and B L C e  According to Rudy, (21) 
the reactions are: 
B + TaC 2 TaB2 + C or B4C 
I I T  R E S E A R C H  I N S T I T U T E  
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TABLE 111 (cont . ) 
System Remarks Reference 
Tungs ten-ZrC I n t e r a c t i o n  temperature 
probably d.epend.s on hea t -  
ing r a t e ;  i . e .  HfC+W-+ 
H ~ E ~ - ~ + w ~ c  on heat ing.  
Minlmum i n t e r f a c i a l  melting 
u 
temperature then 4910°F. 
(W-W2C e u t e c t i c )  
I n t e r a c t i o n  temperature 
probably  depend.^ on hea t -  
ing r a t e ;  i . e .  HfCfW-, 
HfCI_,fW2C on heat ing.  
Minxmum i n t e r f a c i a l  melting 
temperature then 4910°F. 
(W-W2C e u t e c t i c )  
Lump samples reacted. ,  
powd.er samples d i d .  not--  
HZ atmosphere. 
Lump samples reacted., 
powder samples d.id. not--  
H z  atmosphere. 
HFN uns table  i n  Hz 
(4720 OF) 
Compatible, TaN unstable  
i n  H2 (4570°F) 
Z r N  uns table  i n  H2 (5070°F) 
T i N  uns table  i n  H2 (4370°F) 
compatible a t  4500°F. 
Ta-BTazC e u t e c t i c  
L i q u i d  formation 
L i q u i d  formation 
TABLE I11 ( c o n t  . ) 
System Remarks References  
Liquid. fo rmat ion  




- Z r C  
No r e a c t i o n  
No r - e a c t i o n  
No r e a c t i o n  
No r e a c t i o n  
No r e a c t i o n  
No r e a c t i o n  
R e a c t i o n  occurs  
R e a c t i o n  occurs  
Ir 4 HfC - I r 3 H f  + C 
Ir + Z r C  I r 3 Z r  + C 
Ir + ThC -, I r3Th + C 
Ir d.ecomposes HfN 
Ir d.ecomposes Z r N  
Ru d.ecomposes Z r N  
P t  d.ecomposes Z r C  
Pt decomposes H f C  
Data on minimum melt ing po in t s  of boron i n  contac t  wi th  
s e l e c t e d  r e f r a c t o r y  metals a r e  included i n  Table 111. Very low 
melt ing e u t e c t i c s  occur f o r  boron i n  combination with platinum 
group metals and rhenium, Thus, problems with t h e  use of i r id ium 
and. rhenium a r e  l i k e l y  i f  the  rocket  nozzle exhaust conta ins  ap-  
p rec iab le  boron, These d.ata a r e  t h e  b a s i s  f o r  quest ioning the  
use of  i r id ium on rhenium-base a l l o y s  i n  atmospheres containing 
boron, a s  presented, i n  subsequent d.ata t a b l e s ,  ahd f o r  t h e  co r ro -  
s i o n  t e s t s  i n  BF3 conducted. i n  t h i s  program. 
Tungsten i s  compatible wi th  MC carb ides  t o  a t  l e a s t  
4710°Fe Here the  minimum melt ing po in t  i s  determined by the 
hea t ing  r a t e .  (22) I f  the  hea t ing  r a t e  i s  slow, tungsten i s  ear- 
burized by p a r t i a l  decomposition of the  ca rb ide  a s  fol lows:  
where W C i s  probably W2C. Melting then occurs a t  the  interface 
x Y 
between W and t h e  carb ide  a t  the  W-W2C e u t e c t i c  (4910°F) o r  a t  
W2C-Mc1-X e u t e c t i c ,  The dependence of t h e  observed melt ing tern- 
pera tu re  on t h e  hea t ing  r a t e  expla ins  t h e  v a r i a t i o n  i n  me l t i ng  
po in t s  repor ted  f o r  tungsten i n  contac t  wi th  ca rb ides .  
Tungsten i s  a l s o  s t a b l e  i n  con tac t  wi th  high-melting 
n i t r i d e s  such as  HfN and TaN. Here the  problem i s  i n s t a b i l i t y  of 
t h e  n i t r i d e s ,  a s  repor ted  by May, ( I 7 )  a l though H f N  has been evaP- 
uated a s  a  shor t - t ime b a r r i e r  f o r  the  W-C r e a c t i o n  a t  5400°F, 616) 
I n  the  event of decomposition of the  n i t r i d e ,  the  minimum melting 
temperature i s  p r e d i c t a b l e  from the  i n t e r a c t i o n  temperatures fqr 
t h e  metals given i n  Table I ,  For example, i f  decomposition of 
t h e  n i t r i d e s  occurs ,  t h e  minimum melting po in t  f o r  W-HfN i s  the  
W-Hf e u t e c t i c  (3510°F) and f o r  W-TaN is  t h e  so l idus  of the  W-Ta 
s o l i d  s o l u t i o n  (-5750°F a t  50% W ) .  Thus, i t  i s  c l e a r  t h a t  the 
minimum i n t e r a c t i o n  temperatures i n  t h e  t u n g s t e n - n i t r i d e  systems 
may a l s o  be dependent on t h e  exposure time. 
Tantalum e x h i b i t s  a  high-melting e u t e c t i c  only w i t h  TaC;  
t h e  melt ing temperature f o r  t h e  system i s  the  Ta-Ta2C e u t e c t i c  at 
I I T  R E S E A R C H  I N S T I T U T E  
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5150°F. ('O) On the  o t h e r  hand, melt ing occurs a t  4000°-4400YF 
when tantalum i s  i n  con tac t  wi th  high-melting carb ides  andbs r ides  
of hafnium and zirconium. Again, t h i s  i s  probably due t o  r eac -  
t i o n s  producing mixed borides  and carb ides  and should the re fo re  
be time dependent. 
Rhenium has been repor ted  t o  be s t a b l e  i n  contac t  w i t h  
high-melting carb ides  and n i t r i d e s  a t  4500°F, probably because 
rhenium does no t  form s t a b l e  carb ides  o r  n i t r i d e s .  ( I8)  converse- 
l y ,  r e a c t i o n  (melting) occurs a t  much lower temperatures (3600"-  
4000°F) when rhenium i s  i n  contac t  wi th  bor ides ,  This i s  no t  
s u r p r i s i n g  s i n c e  t h e  minimum melt ing e u t e c t i c  i n  t h e  R e - B  system 
i s  about 3330°F. (41) I n  comparison, t h e  Re-C e u t e c t i c  occurs a t  
4530°F. 
I n t e r a c t i o n  s t u d i e s  of platinum group metals w i t h  s a r -  
b ides ,  bo r ides ,  and n i t r i d e s  show i n t e r e s t i n g  r e s u l t s .  H r i d h m ,  
ruthenium, and platinum decompose even t h e  most s t a b l e  carb ides  
a t  temperatures a s  low a s  2 5 0 0 " ~ .  (25326) Most of  t h e  existing 
d a t a  a r e  f o r  i r id ium,  b u t  platinum and ruthenium have a l s o  been 
examined, The r e a c t i o n s  wi th  i r id ium g e n e r a l l y  proceed a s  fol- 
lows : 
Ir + MC t M I r 3  + C 
Ir + MB2 t MIr3 4- B 
Obviously, the  f i n a l  r e a c t i o n  products can vary deperd- 
ing  on t h e  r e l a t i v e  concent ra t ion  o f  r e a c t a n t s ,  
The r e s u l t s  do show t h a t  M I r 3  i n t e r m e t a l l i c s  have a 
high thermodynamic s t a b i l i t y ;  i , e  ., g r e a t e r  than thak of  the mzss t 
s t a b l e  carb ides  and bor ides .  These r e s u l t s  suggest t h a t  M I r 3  i n -  
t e r m e t a l l i c s  should be s t a b l e  i n  con tac t  wi th  carb ides  and borides 
t o  the  melt ing po in t s  of  t h e  M I r 3  compounds. Composites of the 
type HfB2-Hf Ir3, HfC-HfIr3, TaC-HfIr3 wi th  melt ing po in t s  of ac 
l e a s t  about 4500 OF appear f e a s i b l e  from an i n t e r a c t i o n  s t a n d p o ~ n t  .
However, the  M I r 3  i n t e r m e t a l l i c s  may not  be s u i t a b l e  f o r  addition 
t o  g r a p h i t e s  because of t h e  I r - C  e u t e c t i c  t h a t  occurs a t  4 L 8 O Q F ,  
l l r  R E S E A R C H  I N S T I T U T E  
Re-Ir type add i t ions  may be more s u i t a b l e  f o r  add i t ions  t o  
g r a p h i t e  because the  Re-C e u t e c t i c  occurs a t  4 5 3 Q 0 ~ ,  
A summary of the  corros ion  da ta  f o r  r e f r a c t o r y  mater i -  
a l s  i n  oxygen, f l u o r i n e ,  hydrogen f l u o r i d e ,  F2-02, and HF-O2 
conducted a t  I I T R I  on Contract NAS7-431 i s  presented i n  Table EV 
I n  add i t ion ,  es t imates  of t h e  compa t ib i l i ty  of these  ma te r i a l s  
with boron-containing atmospheres a r e  included,  although no t e s t -  
ing wi th  boron was conducted, I n  genera l ,  t h e  da ta  r ep resen t  
cor ros ion  measurements t o  the melting po in t  of each m a t e r i a l  ex-  
cep t  f o r  carbides and g r a p h i t e ,  which were t e s t e d  t o  only 500O0F* 
Wherever experimental  d a t a  were not  a v a i l a b l e ,  es t imates  were 
made based on o ther  information, and by ex t rapo la t ion  of Low- 
temperature da ta ,  This s m a r y  provides only a  r e l a t i v e  compar- 
i s o n  of r e f r a c t o r y  mate r i a l s  i n  rocket  nozzle  exhaust spec ies  
Table I V  i n d i c a t e s  t h a t  i r id ium and iridium-base a LIQys 
provide t h e  b e s t  cor ros ion  r e s i s t a n c e  i n  a l l  environments, Sev- 
e r a l  m a t e r i a l s  a r e  r e s i s t a n t  t o  f l u o r i n e  and hydrogen f l u o r i d e ,  
but  a d d i t i o n  of oxygen t o  f l u o r i n e  and hydrogen f l u o r i d e  l i m i ~ s  
t h e  app l i cab le  ma te r i a l s  d r a s t i c a l l y ,  Hydrogen f l u o r i d e  i s  P e a s t  
co r ros ive  of t h e  environments evaluated s i n c e  most of the  r e f r a e -  
t o r y  metals demonstrate much Power corros ion  r a t e s  than i n  f l u o -  
r i n e .  This i s  a t t r i b u t a b l e  t o  the  s t a b i l i t y  of t h e  hydrogen 
f l u o r i d e  molecule, even a t  temperatures above 500Q0F, Exceptions 
t o  t h i s  genera l  behavior i n  hydrogen f l u o r i d e  inc lude  bor ides ,  
n i t r i d e s ,  and g r a p h i t e  (above 5 0 0 0 " ~ ) .  The behavior of n i t r i d e s  
may be a t t r i b u t a b l e  t o  decomposition of the  n i t r i d e s  r e s u l t i n g  i n  
a  su r face  l a y e r  r i c h  i n  the  r e a c t i v e  metals tantalum and hafnium, 
The behavior of bor ides  and g r a p h i t e  i n  hydrogen fluo- 
r i d e  i s  probably due t o  hydrogen, s i n c e  these  a r e  t h e  only mater- 
i a l s  with s t a b l e  hydrogen-containing corros ion  products a t  high 
temperatures,  For example, r e a c t i o n  of bor ides  and g r a p h i t e  
could proceed as  fol lows:  
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TABLE I V  
SUMMARY OF COMPATIBILITY OF REFRACTORY MATERIALS 
WITH GASEOUS ROCKET NOZZLE EXHAUST SPECIES 
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F-E E M 
P-VP E-VP G 
P-VP E-VP G 
E 
F-P (b) E 
P-vP (b) 
P-vP(b) VP F-VP 
(a)~atin refers to atmospheres in IITRI-B6058-40, 5.4v/o02, 6. 5v/0F2 ~OV/OHF, 
6.5 v 7 o F -5.4 v/o O,, 10 v/o HF-2.3 v/o 0,. 
E-Excellent <l mil/mln P-Poor 4-6 mils/mPn 
G-Good 1-2 mils/min VP-Very poor >6 mils/min 
F-Fair 2-4 m i l s  /nin M-Eutectic melts below 3 5 0 0 O ~  
M T E :  F-E denotes  decreasing reae"pisn w i t h  increasing temperature 
E-G denotes increas ing  r e a c t i o n  w i t h  increas ing  t e m p e r a t u r e  
jb)~stimated-no a ,  experimental data. 
")Sol id  oxide formed 
( d ) ~ e l t i i ~ g  p o i n t  o f  ox ide  --340O0F, 
Thus, thermally s t a b l e  ma te r i a l s  which i n d i c a t e  high csrrasior. 
r a t e s  i n  hydrogen f l u o r i d e  will a l so  tend to be r e a c t i v e  in h y d r ~ -  
gene Carbide-graphite composites should be included i n  this group ,  
The r e l a t i v e l y  low recess ion  rate of carbide  materials a t  3500'- 
4 5 0 0 " ~  presumably was due t o  high thermodynamic s t a b i l i t y  cf i ;he  
carb ides  an or  s l o w  r e a c t i o n  k i n e t i c s .  H f C - C  composites d i d  ~ n d f  -- 
c a t e  a  cons iderable  inc rease  i n  recess ion  r a t e  a t  5000°E, a s  d i d  
A T J  g r a p h i t e ,  (1) 
I n  Table HV, es t imates  s f  t h e  r e a c t i v i t y  i n  bsroq- 
conta in ing  atmospheres a r e  presented t o  i n d i c a t e  whether p o t e ~ + t t i a l .  
problems e x i s t  due t o  e u t e c t i c  melt ing,  The b a s i s  f o r  an a d ~ r e r s e  
r a t i n g  i s  a  e u t e c t i c  melt ing below 3 5 0 0 " ~ ,  O f  t h e  m a t e r i a l s  Ir 
Table I V ,  a d e f i n i t e  problem a r e a  e x i s t s  only for Fridkkam,  rhrenll~rn,  
and the i r  a l l o y s ,  However, a number s f  t h e  bor ides  melt ~n tth.2- 
range of 4000"-5000°F (Table EB), Thus, t h e  presence of free 39- 
ron could present  problems a t  4008'-5800'" with  most c~f t n e  
f r a c t o r y  m a t e r i a l s  shown in Table T{ eexeept perhaps t h e  baridss 
I n  any ease ,  t h e  in f luence  of boron in the exhaust s n e a r  OT* T? == 
f r a c t o r y  m a t e r i a l s  i s  n o t  adecpaya.toi.ly defined at t h e  preselril: t i 9 - e ,  
A genera l  suO9mmary of t h e  p r o p e r t i e s  of  refractor:\r TZ- I -F ; .~  
i a l s  of i n t e r e s t  i n  t h i s  program, exchuding meta ls ,  i s  co rn ta lp~ed  
i n  Table V ,  A l l  of t h e  elements w i t h  mel t ing poinks abov2 1000°F 
have been discussed i n  detail previous ly ,  excepc o s m i m ~ r , ,  J P J . ~  hei7m10, 
and hafnium. Because sf their Lc~w melt ing p o i n t s ,  rvsthen-i~~pl  3rld 
hafnium do no t  appear to provide any advantage over other r c f r d c -  
t o r y  meta ls ,  Furthermore, hafnium would be very  reactisre i ~ r  f l ! i r 3 -  
r i n e  and hydrogen f l u o r i d e  based on data f o r  HfN, 
O s m i u m  has no t  been considered t o  d a t e ,  although i t  d x s  
have t h e  h ighes t  melt ing point (5450°F)  of the p1atTn.1~7~ g ~ o l u p  FIE - 
t a l s  . Considering the behavior s f  iridium, osmium and rut:lr~cn in:fi 
may be r e s i s t a n t  t o  f l u o r t n e  and hydrogen f l u o r i d e  aD h i g h  
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TABLE V 
SUMMARY OF ESTIMATED COMFATIBILITY 
OF REFUCTORY MATERIALS WITH ROCKET E N G I N E  EXHAUST SPECIES 
High Melting 
Material  Systems Remarks 
Bor id.es HfB2, Z r B z ,  TaB,, 
CbB2, WE 
Carbides HfC, TaC, Z r C ;  
carbide-graphi te  
composites, 
complex carbid.es 
HfN, TaN, Z r N ,  
T i N ;  complex 
n i t r i d e s  
High melting poin ts  obtainable .  Thermal shock prob- 
lems, based on the  d.ata f o r  Z r B 2  and H f B z .  Selected 
borid.es can provid.e good. oxidat ion ( I ) '  and. f a i r  
f l u o r i n e  r e s i s t a n c e  (I, 27)- Oxidation r e s i s t a n c e  de- 
pend.~ on formation o'f s o l i d  oxid.es. Fa i r  r e s i s t a n c e  
t o  HF and. f luor ine ,  but l e s s  r e s i s t a n c e  t o  atmos- 
pheres containing both oxygen and f l u o r i n e  (1) 0 
Generally, borid.es a r e  more r e a c t i v e  than carbides 
i n  halogen-containing atmospheres ( E ,  27, 28). There 
i s  some evidence ind.icating t h a t  borid.es may be use- 
f u l  i n  boron-containing atmospheres (31) although 
g raph i t e  was consid.ered. t h e  prime cand.id.ate . 
Very high melting points  obta inable ,  Thermal shock 
d.if f i c u l t i e s ,  but can be improved by g raph i t e  add.i- 
t i o n s .  Only f a i r  oxid.ation r e s i s t a n c e  and then on- 
l y  a t  temperatures where so l id .  oxides a r e  formed., 
Good. r e s i s t a n c e  t o  f l u o r i n e  and HF t o  a t  l eas t5000°F  
(1, 27, 34) .  Poor t o  very poor r e s i s t a n c e  t o  oxygen 
i n  combination with f l u o r i n e  and. HF ( 1 ) .  
High melt ing points  obtainable .  Thermal shock prob- 
lems. Tend. t o  be unstable  above 4000°F. Oxid.ation 
r e s i s t a n c e  d.epend.s on d.evelopment of s t a b l e  oxides.  
Poor r e s i s t a n c e  t o  f l u o r i n e  and HF d.ue t o  decomposi- 
t i o n ,  r e s u l t i n g  in h igh ly  r e a c t i v e  metal  phases (261, 
U x i m u m  aneleing po in t  obta inable  abou t  4%Q0°F, The 
few s p e c i f i c  data available on fluorine and PTF compat- 
i b i l i t y  i~disate poor res2stance (35, 3 6 ) -  S i c  ap-  
pears to improve f l u o r i n e  c o r r o s i o n  resistance s f  
7rB2, Excellent o x i d a t i o n  resistance to about  
3080" P, 
TABLE V ( con t  . ) 
- 
High Melt ing 
M a t e r i a l  Sys tems Remarks 
S u 1 f i d . e ~  CeS, CaS Maximum me l t i ng  p o i n t  o b t a i n a b l e  abou t  4500°F. No 
s p e c i f i c  d.ata a v a i l a b l e  i n  f l u o r i n e  and. HF, Gene- 
r a l l y  poor oxid .a t ion  r e s i s t a n c e .  
Phosphides Ba3P, Pa3P2 Maximum me l t i ng  p o i n t  o b t a i n a b l e  about  5500°F. No 
s p e c i f i c  d a t a  a v a i l a b l e  i n  f l u o r i n e  and HF, Gene- 
r a l l y  poor o x i d a t i o n  r e s i s t a n c e .  
Oxides Hf02, ThO2, Zr02;  H i g h m e l t i n g  temperatures  o b t a i n a b l e .  Thermal shock 
Complex ox ides  problems.  Obviously b e s t  r e s i s t a n c e  i s  t o  oxygen 
(37, 38, 39 ,  40 ) .  Genera l ly  poor r e s i s t a n c e  t o  f l u -  
o r i n e  and HF (31, 33, 35,  37 ) .  Poor r e s i s t a n c e  of  
ox ides  t o  f l u o r i n e  and HF i s  i n d i c a t e d  by h i g h  c o r -  
r o s i o n  r a t e  of  c a r b i d e - g r a p h i t e  composites  i n  F2-O2 
and HF-O2 (Table I V ,  
I n t e r m e t a l l i c s  HfRe2, Lr3Hf, 
I r3Ta ,  Re3W, 
Re3M02 
Highes t  me l t i ng  p o i n t  o b t a i n a b l e  5720°F. L i t t l e  d.ata  
a v a i l a b l e  i n  l i t e r a t u r e ,  Re-W and Re-Mo i n t e r m e t a l -  
l i c s  should.  behave s i m i l a r  t o  pure  metals  i n  F2 and.HF. 
F a i r  t o  poor ox id .a t ion  r e s i s t a n c e  l i k e l y .  
Ir -Hf and. Ir -Ta  compound.^ have good. ox id .a t ion  
,--=.i--=i r e s i s t a n c e ,  b u t  o x i d i z e  i n t e r n a l l y  (25) .  Should. 
r H  
r- l-3 
have good. r e s i s t a n c e  t o  F2 and HF above 3000°F. May 
f Z  be  good. ad.d. i t ives f o r  improving r e s i s t a n c e  o f  c a r -  
t - ~  I b i d e s  and. borid-es t o  O2 and. combined 02-F, and. O2 -HF 
W 
s o  atmospheres .  
rn F 





temperature, However, osnni.8am has much poorer oxid.ation resis- (4 tance than iridium, Therefore, any advantage in me1,ting p o i n t  is 
offset by decreasing oxidation resistance, 
Table V represents an attempt to summarize the general 
properties of carbides, borides, nitrides, silicides, p%Eosph.fdes, 
oxides, and intermetallics, Data in the literature on the eornpat- 
ibility of these materials with fluorine or hydrogen fluoride not 
presented in Table IV are included, Although fluorine corrosion 
is limited, the data in the literature on fluorine compatibility 
do not deviate appreciably from that presented in Table IV, 
Thus, it must be concluded that the only new materials potential- 
ly useful for fluorine-containing exhausts products are the in- 
termetallics, and possibly BN, 
The corrosion data presented in Table I V  represented. 
experimental measurements of the recession rate of refractory ma- 
terials of interest in 6.5 v/o fluorine, 5.4 v/o oxygen, 10 v b o  
hydrogen fluoride, 6.5 v/o F2-5.4 v/o 02, and 10 v/o RF-2.3 v / o  02. 
All of these data were obtained at a gas velocity of 408 f p s ,  a 
total gas flow rate of l0 cfh, and a 45" impingement angle, These 
data can be employed to estimate the relative recession rate of 
these materials in actual rocket nozzle environments, 
Estimates of the recession rate in refractory materials 
in HF-F2, HF-F2-02$ and HF-FZ-02-B atmospheres are presented Lo 
Table V I .  These atmospheres can be expected in the exhaust of' 
propellant systems of current interest. For example, the HF-F2 
atmosphere represents the major corrosive species for a N2H4-F2 
propellant system, and the HF-F2-Q2-B atmosphere represents the 
major corrosive species for a B2H6-OF2 propellant system. 
Obviously, the throat recession rates in Table VI will 
apply only if the arrival rate of corrosive species at the n o z z l e  
is reasonably close to that used for the corrosion tests, The de- 
livery rate of corrodent species for the recession rates shown in 
2 Table VI was 6-12 x lb-moles in /min at an impingement angle 
of 45" ,  Furthermore, the relative concentration of corrosive 
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TABLE V I  
ESTIMATED SURFACE RECESSION RATE OF REFRACTORY MATERIALS 
IN SELECTED ROCKET NOZZLE EXHAUST ATMOSPHERES AT 4000-5500"~ 
Estimated Recession Rate in Given Exhaust Atmospheres 
HF-F2 HF-F2 -0, HF-F2 -02 -B 
Nozzle Wall Recess ion Recession Recession 
Temperature, Rate, Rate, Rate, 



























Ir-33Re e0.5 Ir-33Re 
TaC-C e1,O W-25Re-20Ir 
W-25Re-20Ir 1.0 Re-35Ir 
HfC-C 1.0 Rhenium 
Re-35Ir 1.0 Tungsten 
Rhenium 1,O H f C - C  
Graphite (ATJ) 2,O Hf Ba 
Tcrngs ten 2-5 Graphite (ATJ) 
WfBa -3,Q TaC-C 
Tantalum -3,% Tantalum 
Iridium (melts 4450°F) 
































Graphite (ATJ) (a) 
TABLE VI (cont . ) 
Estimated. Recession Rate in Given Exhaust Atmospheres 
HF-F2 HF-F2 - 0 z  HF-F2 -02 -B 
Nozzle Wall Recession Recession Recession 
Temperature, Rate, Rate, 
OF Material mi 1 /min Material mil/min Rate, Material mil/min 




Graphite (ATJ) 2.2 
HfC-C 2.2 
H£B2 -4.0 
Tantalum 4 . 0  
Ir-33Re (melts -4900"~) 














H f  B2 
TaC-C 
Tantalum 
Rhenium -1.0 Rhenium -4.0 Rhenium 
Tungsten 1.0 Tungsten (a) 5.6 Tungsten 
TaC-C -2.0 Graphite (ATJ) -8.0 Graphite (a > 
Graphite (ATJ) -3.0 HFC-C (a> >10 HfC-C >10 
HfC-C -4.0 TaC-C > 10 TaC-C >lo 
Tantalum (melts -5400°F) 
HfB2 (melts -5400°F) 
(a)~nadequate data to define. 
species in a nozzle exhaust depends on the combustion conditions 
and mixture ratio, Changes in the fluorine-oxygen ratio could 
have an appreciable effect on the corrosion rate, Thus, the es- 
timated recession rates in Table VI represent a relative ranking 
of nozzle materials for each environment at wall temperatures of 
4000°, 4500°, 5000°, and 5500°F. Wherever corrosion data were 
not available, recession rates were estimated by extrapolation of 
available corrosion data. 
Table VI indicates that the lowest recession rates can 
be expected for the HF-F2 atmosphere below 5000°F. Several ma- 
terials including iridium, rhenium, and their alloys have reces- 
sion rates of less than 1 millmin in this environment, At 5500°F, 
tungsten and rhenium also indicate recession rates of about 1 
mil/min. Carbide-graphite composites, particularly TaC-C, can 
also be used to a wall temperature of at least 500O0F, 
Introduction of oxygen into the HF-F2 system considera- 
bly reduces the number of materials exhibiting low recession rates 
to only iridium and Ir-33Re. Above 4500°F, the most resistant ma- 
terials are Re-35Ir and rhenium with recession rates in the range 
of 3.5-4,O mils/min, 
The most corrosive environment is the HF-F2-02-8 atmos- 
phere since no material appears acceptable for low recession rates 
above 4000°F based on current information, This is due primarily 
to the quantitative data on the influence of free boron on iridium 
and rhenium containing alloys. Boron could also influence the re- 
cession of other materials due to low-melting boron compounds, 
For example, degradation of graphite could be increased above 
4500°F because B4C melts at about 4450°F. 
The primary objective of the literature survey was to 
generate data for the selection of new composite systems for 
oxidation-corrosion tests. It was clear from the survey that no 
new individual materials were promising with good oxidation- 
corrosion, The only new materials not previously considered were 
a few intermetallic compounds (~fIr,, TaIr,, HfRe2) and boron 
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n i t r id . e .  Witho.ut considering th.e boron problem, i r id ium and 
irid.i.hnm-rich a l l o y s  provided th.e b e s t  r e s i s t a n c e  t o  combined 
fl .uor i n e  -oxygen and. hydrogen f1,uoride-oxygen above 3000 OF, Thus, 
i r id ium-r ich  a l l o y s  were t h e  most promising second-phase add . i t i on  
i n  composite systems f o r  t h e  development of  improved oxidat ion-  
corrosion.  Also, the m e t a l l i c  systems W-Re-Ir and Re-Ir appeared 
t o  provide some promise a t  temperatures above 4000°F. 
A summary of  seven systems se lec ted  f o r  f u r t h e r  evalua- 
t i o n  based on t h e  l i t e r a t u r e  survey i s  presented  i n  Table V I B ,  
Two of these  systemswere t h e  m e t a l l i c  a l l o y  systems W-Re-IT and 
Re-Ir ,  and t h e  remainder i r id ium-r ich  a l l o y s  and i n t e r m e t a l l i c s  
i n  a carb ide ,  bor ide ,  o r  g r a p h i t e  mat r ix ,  Thus, t h e  p o t e n t i a l  
oxidat ion-corrosion r e s i s t a n t  systems r e l y  heav i ly  on i r id ium 
s i n c e  i t  has represented t h e  only metal  wi th  s u f f i c i e n t l y  high1 
r e s i s t a n c e  t o  s i g n i f i c a n t l y  a f f e c t  t h e  corros ion  behavior of the  
composite. Included i n  Table V I E  a r e  t h e  f a b r i c a t i o n  m e t h ~ d s  or 
methods t h a t  were considered appropr ia t e  f o r  each system, The 
composite systems g e n e r a l l y  were expected t o  r e q u i r e  hot  p re s s ing ,  
whereas normal metalworking and/or plasma spraying a r e  probable 
f a b r i c a t i o n  methods f o r  t h e  meta ls ,  I n  general., r e f r a c t o r y  s y s -  
tems i n h e r e n t l y  r e q u i r e  s p e c i a l  f a b r i c a t i o n  techniques t o  obtain 
high-densi ty  m a t e r i a l s ,  
Also included i n  Table V I I  a r e  t h e  melting ranges ex- 
pected f o r  t h e  m a t e r i a l s  based on e x i s t i n g  high-temperatu~re data, 
The lowest melt ing po in t  f o r  each system represen t s  t h e  melting 
po in t  t h a t  would be obtained i f  t h e  composites were thermally un- 
s t a b l e .  On t h e  o t h e r  hand, t b e  h ighes t  melt ing poin t  i s  that 
which would be obta ined  i n  a thermally s t a b l e  composite. For 
example, t h e  melt ing po in t s  of t h e  composite systems wi th  
i r id ium-r ich  second phase a r e  c o n t r o l l e d  by t h e  melt ing points of 
HfIrg (4450°F), TaIrg (442Q0F), o r  t h e  I r - C  e u t e c t i c  (4000"- 
4200°F). Since a phase diagram e x i s t s  f o r  both t h e  W-lr and R e -  
Ir systems, (') mel t ing po in t s  i n  these  systems were a v a i l a b l e .  
However, no melt ing po in t  d a t a  were found f o r  W-Re-Ir a l l o y s ,  drsr 
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TABLE VII 
SUMMARYOFPROPOSED OXIDATION-CORROSION RESISTANT SYSTEM 
System 
Expected 
Melting Point, Potential 
F Fabrication Pk3thod 
Re-Ir 
4400-5500 Arc melting/wsrking, 
plasma spray 
4800-5500 Arc melting/working, 
plasma spray 
TaC- (20-30 v/o)~a~r~ 3500-4450 Hot press 
HfC- (20-30 v/o)~fIr~ 3500-4470 Hot press 
HfB2- (20-30 v/o)Hf1r3 3000-4470 Hot press 
Graphite-(20-30 v/o)Ir-30~e 4200-4700 Hot press 
4000-4450 Hot press 
IITRI-B6102-13 
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t h e  composites, Consequently, melting temperat.ures were de te r -  
mined. f o r  these  ma te r i a l s  and a r e  d.iscussed i n  Sect ion  11-C-3, 
B , Fabr ica t ion  
The W-Re-Ir and Re-Ir a l l o y s  were prepared by noncon- 
sumable a r c  melt ing of blended and p r e s i n t e r e d  powders t o  i n s u r e  
homogeneity. Powders, nominally -325 mesh, were blended, co ld  
pressed a t  48 t s i ,  and s i n t e r e d  i n  vacuum a t  3300°F f o r  2 hr, 
Fina l ly ,  nominal 10 g samples were nonconsumable a r c  melted, w i t h  
a t  l e a s t  6 remel ts .  Metalbographic examination of t h e  W-15Re-LOlr 
a l l o y  showed t h a t  a two-phase s t r u c t u r e  e x i s t e d  i n  t h i s  a l l o y ,  
The s o l u b i l i t y  of i r id ium i n  tungsten i s  about 5 w/o a t  3250°F and 
about 10 w/o a t  t h e  p e r i t e c t i c  temperature (45500~);(') rhenium i s  
so lub le  t o  about 25 w / s  i n  tungsten.  (2) Thus, most of t h e  W-Re-Ir 
a l l o y s  produced i n  t h i s  program cons i s t ed  of  t h e  tungs ten-r ich  
W-Re-Ir s o l i d  s o l u t i o n  wi th  t h e  0 and/or c W - I r  i n t e r m e t a l l i c  com- 
pounds a s  t h e  second phase, The 0 phase decomposes eu tec to idak ly  
a t  about 3240°F t o  s and t h e  tungs ten-r ich  s o l i d  s o l u t i o n ,  
No metallography w a s  conducted on t h e  Re-Lr a lhoys ,  The 
s o l u b i l i t y  of i r id ium i n  rhenium is  about 40 w/o, (2)  Thus, the 
Re-25Ir and Re-35Er a l l o y s  prepared i n  t h i s  program were s ing le -  
phase rhenium-rich s o l i d  s o l u t i o n .  
The TaIrj and HfIr3 i n t e r m e t a l l i c  compounds were a l s o  
fabr ica ted .  by arc-melt ing,  I n  c o n t r a s t  t o  th.e o the r  metal- l ic  a l -  
loys ,  these  ma te r i a l s  were prepared by combining melt s tock  of  
hafnium and. tantalum wi th  p r e s i n t e r e d  Ir powd.ers prepared as d.es-  
c r ibed  previous ly ,  Again, no metallography was conducted. on these  
a l l o y s .  However, arc-melt ing of bulk m a t e r i a l s  prod:uced s in.gle-  
phase a l l o y s  i n  previous work. ( 2 5 )  Vendor analyses  of the  t u n g -  
s t e n ,  rhenium, irid.ium, hafni,um, and tantalum a r e  s .umar ized  i.n 
Table V I I I .  
None of t h e  composites c o n s i s t i n g  of i r id . ium-rich alloys 
i n  a carb ide ,  g r a p h i t e ,  o r  b0rid.e mat r ix  were prepared. i n  thls 
program. The r e s u l t  s f  i n t e r a c t i o n  s t .udies  described. i n .  
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TABLE VIII 
NONINAL ANALYSES OF METALLIC RAW MATERIALS 
(4 ~f (b) Ta (C > Re (d 1 -Jr ( e )  
Element (99.95+) (98.0) (99.9+) (99.99+) ( 9 9 0  9+) 
C 5 < 13 100 - - 
H 1 <13 20 - - 
0 4 c30 100 - ... 
N 3 <l0 50 - - 
Fe 3 <100 - 18 
- - 
4-00 
MN 10 < 10 - 
Al - c35 - <1 - 
Cr 10 <10 - <1 - 
Cu - - - <l - 
M g  <10 <10 - <1 - 
Ni 5 < 15 - <1 - 
Si <5 <20 - <I 
- 
70 
Cb <lo <35 - - 
Ti <I0 34 - - - 
Pt - - - - 
- - - - 
100 
Pd 
- - - - 
40 
Ru 
- - - - 
120 
Au 
- - - 
10 
Ag - - 




(a)~ansteel Metallurgical Corp., commercial purity. 
(b)~uclear Metals Inc., crystal bar. 
(''Fansteel Metallurgical Corp., commercial purity. 
(d)~leveland Refractory Metals, commercial purity. 
(e)Mathey-~ishop, Inc., Alloy 2000. 
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Sect ion  11-C-3 and t h e  n e c e s s i t y  f o r  cor ros ion  t e s t i n g  in BF3 
precluded prepara t ion  of  these  systems. However, i t  i s  expected 
t h a t  these  composites could be prepared by hot press ing  below 
t h e  melt ing temperatures obtained (Sect ion 11-C-3). The only 
except ion would be the  HfB2-HfIr3 compounds because of the  l o w  
melt ing temperature (-3200°F) occurr ing  i n  t h i s  system. 
A l imi ted  study of t h e  hot  workabi l i ty  of Ir-33Re, 
Re-25Ir, Re-35Ir, W-15Re-151r3 and W-20Re-201r a l l o y s  was eon- 
ducted. This study was performed on a l l o y s  remaining a f t e r  
oxidat ion-corrosion t e s t s ,  An at tempt  was made t o  hot roll 
these  a l l o y s  a t  1800° and/or  2200°F; t h e  r e s u l t s  a r e  summarized 
i n  Table IX.  Only t h e  Ir-33Re a l l o y  ind ica ted  any tendency f o r  
hot  working, even a t  2200°F, This  a l l o y  exh ib i t ed  su r face  
cracks  a f t e r  about 15% reduct ion  whereas the  o t h e r  a l l o y s  
cracked badly on t h e  f i r s t  10% pass.  It i s  poss ib le  t h a t  COY- 
ros ion  t e s t i n g  developed g r a i n  boundary e f f e c t s  i n  t h e  c a s t  
a l l o y s  which inf luenced t h e i r  hot workabi l i ty .  However, these  
r e s u l t s  suggest  t h a t  t h e  hot  working temperatures f o r  t h e  We-Ir 
and W-Re-Ir a l l o y s  might be very  high. Fabr ica t ion  of  nozz les  
by hot  spinning,  t h e r e f o r e ,  might be very d i f f i c u l t  o r  impossible, 
C. Thermal S t a b i l i t y  S tudies  
------ 
1. Oxidation-Corrosion Tes ts  
------ 
The oxida t ion-corros ion  r a t e s  of  a v a r i e t y  of  r e f r ac -  
t o r y  ma te r i a l s  i n  f l u o r i n e ,  oxygen, fluorine-oxygen, and hydrogen 
fluoride-oxygen atmospheres have been repor ted  previous ly*  (1) 
Corrosion s t u d i e s  during t h i s  program were i n i t i a l l y  intended to 
study new materia 1s defined by the  l i t e r a t u r e  search,  Fina Ily, 
composites f a b r i c a t e d  on t h e  program -were t o  be evaluated i n  
these  atmospheres. The major i ty  of  t h e  oxidat ion-corrosion tests 
were conducted on W-Re-Ir a l l o y s ,  Re-25Ir, Re-35Ir, Ir-23Hf ( H f 1 r g ) ,  
and Ir-23.9Ta ( ~ a ~ r ~ ) .  The l i t e r a t u r e  survey a l s o  ind ica ted  a 
po ten t i a  l problem with boron i n  combustion gases.  Consequent Ly , 
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TABLE I X  
HOT ROLLING BEHAVIOR OF Ir-Re AND W-Re-Ir  ALLOYS 
Nominal 
Alloy Rol l ing  Nominal 
Composition, Temperat.ure, Reduction, 
W / O  OF % Comments 
15 Cracked a f t e r  2nd 
0,010 i n ,  p a s s ,  
19  Cracked a f t e r  2nd 
0.010 i n .  pass, 
0 Cracked Is t pass , 
0 Cracked 1st pass ,  
0 Cracked 1s t pass ,  
0 Cracked 1st pass ,  
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cor ros ion  s t u d i e s  were extended t o  boron-containing gases t o  
i n d i c a t e  the  in f luence  of boron a t  high temperatures on t h e  
co r ros ion  of  s e l e c t e d  m a t e r i a l s ,  
The i n d i v i d u a l  co r ros ive  elements present  i n  the  
combustion gases  of p o t e n t i a l  f luor ine-conta in ing  p rope l l an t  
systems which must be considered i n  oxidat ion-corrosion s f  
m a t e r i a l s  a r e  presented i n  Table X, Obviously, t h e  combustion 
gases of  engines w i l l  con ta in  numerous o t h e r  spec ies  including 
monatomic forms of t h e  e l e n e n t a l  gases  and complex combustion 
products ,  The concent ra t ion  of these  products w i l l  depend on 
t h e  mixture r a t i o  and combustion e f f i c i e n c y .  
Hydrogen f l u o r i d e  i s  included,  a l though i t  i s  not on 
i n d i v i d u a l  spec ies ,  because i t  w i l l  be the  major c o n s t i t u t e n t  
of  a l l  combustion gases.  TesCs conducted previous ly  suggest  
t h a t  t h e  s t a b i l i t y  of t h e  hydrogen f l u o r i d e  molecule precludes 
r e a c t i o n  with many r e f r a c t o r y  m a t e r i a l s  below 5000°1?, ~xeeptions 
a r e  t h e  r e a c t i v e  r e f r a c t o r y  metals  (Ta, Hf) and bor ides ,  
Recession r a t e s  of  many m a t e r i a l s  i n  hydrogen f l u o r i d e  a r e  i n  
t h e  range of two o rde r s  of  magnitude l e s s  than oxygen o r  f luor ine ,  
Thrts, hydrogen f l u o r i d e  can genera l ly  be considered t h e  ca r r i e r  
gas f o r  t h e  o t h e r  co r ros ive  spec ies  present  i n  the  gas stream, 
While hydrogen a l s o  appears  a s  a corrodent  spec ies  
i n  a l l  combinat ions , i t  w i l l  n o t  a f f e c t  t h e  co r ros ion  of metallic 
ma t e r i a  1s. Hydrogen becomes a co r ros ion  f a c t o r  only i n  graphites , 
ca rb ides ,  carb ide-graphi te  composites, and b o r i d e s - - i , e , ,  o n l y  
those m a t e r i a l s  which e x h i b i t  high-temperature s t a b l e  gaseous 
r e a c t i o n  products  wi th  hydrogen. These a r e  genera l ly  l imi ted  
t o  t h e  C H and B H type compounds, The e f f e c t  of hydrogen 
x Y x Y 
w i l l  be important p r imar i ly  f o r  g raph i t e s  because these  m a t e r i a l s  
a r e  the  only p o t e n t i a l  nozzle  m a t e r i a l s  i n  which carbon i s  pres-  
e n t  i n  an  uncombined form. Carbides a r e  much more r e s i s t a n t  t o  
hydrogen than  carbon i s  because the  co r ros ion  r a t e  i s  determined 
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TABLE X 
I N D I V I D U A L  CORROSIVE S P E C I E S  P R E S E N T  
I N  COMBUSTION GASES O F  P O T E N T I A L  L I Q U I D  PROPELLANTS 
Individual  
Propel lan t  S y s t e m  C o r r o s i v e  Spec ies  
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by the tempera ture-dependent relative thermodynamic stability 
of the carbides and C H reaction product. This thermodynamic 
x Y 
balance obvious ly prevails for graphites , and consequently the 
recession rate in hydrogen is determined by the kinetics of 
the C-Hz reaction. It was shown in previous phases that C-H, 
L 
reaction probably does influence the reaction rate of carbide- 
graphite composites with HF above 4500°F. (') However, it will 
also be shown subsequently that the C-Hz reaction is a secondary 
problem for graphitic rocket nozzle materia 1s. 
The previous axidaeion-corrosion work had considered 
only HF, F2, 02, Hz, and their combinations--i,e., propellant 
systems in which elemental hydrogen was the fuel, Howsver, the 
use of spaces-storable hydrogen fuels interjects other potenlcial 
corrosive species including carbon, and boron, 
Nitrogen generated in hydrazine reaction products is 
generally not a problem for any of the systems of interest in 
this program. Nitrides are unstable and/or form high-melting 
compounds at high temperatures, 
On the other hand, boron and carbon can infLuence the 
corrosion rates of refractory materials in rocket nozzle exhausts, 
Unlike fluorine and oxygen which volatilize, boron and carbon 
will form low-melting compounds with some of the systems of 
interest. Surface recession due to carbon and boron, therefore, 
will consist of surface melting rather than volatilization of 
corrosion products. High-temperature interaction data (Section 
11-A) suggest that more problems will be encountered with boron 
than carbon because the me1 king temperatures are genera l by lower 
for boron interactions. 
The equipment for oxidation-corrosion testing has 
been reported in detail previously, Test samples supported 
on tungsten rods were induction-heated in a stainless steel 
chamber containing a sight port for optica 1 temperature measure- 
ments. All tests were run under identical conditions, unless 
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otherwise noted: (1) t o t a l  gas flow rate--10 c fh  (400 f p s )  ; 
(2) exposure time--5 min, ( 3 )  impingement angle--45O, (4)  nozzle 
distance--1 in .  The nominal sample s i z e  was 0,5 x 0 ,5  x 0,125 i n , ,  
and surface recession ca lcu la t ions  were made using the  impinge- 
ment surface and edges a s  the e f f ec t ive  reac t ion  surface area, 
Temperature measurements were made with an L & N o p t i c a l  pyronz- 
e t e r ,  and temperature correct ions  made using the published values 
f o r  emittance of the  various mater ia ls .  
A l imited number of corrosion t e s t s  were conducted i n  
f luor ine  f o r  Re-Ir and W - I r  a l loys  previously, ( l )  but no work 
had been done on W-Re-Ir a l l oys  o r  the  M I r 3  i n te rmeta l l i cs .  
Accordingly, corrosion t e s t s  of these mater ia ls  i n  f luor ine ,  
hydrogen f luor ide ,  fluorine-oxygen,and hydrogen fluoride-oxygen 
were conducted t o  determine the  high-temperature res i s tance  of 
these mater ia ls ,  Data f o r  the Re-Ir a l l oys  i n  f luor ine  w e r e  
taken from previous work, 
The Pack of infornat ion on the influence of boron- 
containing gaseous species demonstrated t h a t  experimental work 
i n  these atmospheres was required, Accordingly, the  work scope 
was modified t o  permit oxidation-corrosion t e s t s  i n  BF3, BF3-02, 
and BF3-Hp atmospheres. The BF -H atmosphere was se lected t o  3 2 
assure  generation of f r e e  boron by the  react ion,  
2BF3 + 3H2 f 6HF + 2 B  
It was found tha t  t e s t s  could be conducted i n  these  
atmospheres a s  read i ly  a s  the  t e s t s  i n  combined f luor ine  and 
hydrogen f luor ide ,  and t h a t  f r e e  boron was generated according 
t o  the  above equation, 
The r e s u l t s  of oxidation-corrosion t e s t s  a r e  plotted 
i n  Figures 1 t o  8. Experimental data a r e  contained i n  
Appendix A.  
Surface recession data f o r  W-Re-Ir and Re-Ir a l l o y s ,  
HfIr3, and TaIr3 i n  flowing argon with 6.5 v/o f luor ine  a t  
3000'-5000°F a r e  p lo t ted  iv Figure I. Data f o r  rhenium, 
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tungsten, and iridium obtained previously are included, The 
tungsten-base alloys exhibited the highest recession rates of 
the new materials, Generally, the recession rate of W-Re=-Hr 
alloys decreased with Ir/Re concentration; the lowest recession 
was obtained for the W-25Re-20Ir alloy. Over the range of 
3500" -4500°F, the W-Re-Ir alloy had a recession rate of about 
1 mil/min; about one-half that of unalloyed tungsten, 
The lowest recession rates at 3000" -3500°F were 
measured on the TaIr3 and HfIr3 intermeta llic compounds. These 
materials were similar to unalloyed iridium in this range, but 
increased in recession rate at 4500°F, This was apparently due 
to more aggressive attack of hafnium and tantalum in the alloys; 
both exhibit very high recession rates in fluorine, At 4$0O0F, 
the lowest recession rates were obtained on the Re-Ir a l l o y s - -  
as expected, based on the data shown for iridium and rhenium* 
Since no data existed on boron nitride (BN) in 
< 
fluorine, several samples of this material were also exposed to 
fluorine and hydrogen fluoride, Boron nitride cannot be heated 
inductively because of its high dielectric strength; consequently, 
0.060 in, thick samples were heated with a tungsten samples as a 
susceptor, The maximum temperature attainable by this method 
was about 3000" F uncorrected optical temperature, The resu 11:s 
obtained from these tests indicate that the calculated surface 
recession rate of BN at 2750°F (uncorrected optical tempera ture) 
in an argon-6,5 v/o fluorine atmosphere was very high--hn the 
order of 6,0 mils/min. At 2900°F (uncorrected) the reaction rate 
of BN in argon-10 v/o HF was determined to be 0,32 mik/min, 
These rates are high compared to most of the other material- 
tested, This is the highest rate determined in this program 
for fluorine corrosion, These tests demonstrate that BN would 
not be an attractive material for operation in fluorine- 
containing environments. 
Surface recession data in flowing argon-l0 v/o  
hydrogen fluoride are plotted in Figure 2. In this atmosphere, 
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Fig, 2 - Sur face  Recession Rase o f  Refrac tory  ILiilteriaXs in Flow- 
ing Argon-lO v/s Hydrogen F l u s r i d e ,  
except f o r  BN, t h e  h ighes t  r a t e s  were measured f o r  Hf I r j ,  
a l though both  HfIr3 and TaIr3 had r e l a t i v e l y  high r a t e s  of 
0,15 t o  0.35 mil/min a t  4500°F. The lowest r ecess ion  r a t e s  
were obtained on the  W-Re-Ir and Re-Ir a l l o y s ;  r ecess ion  of  
these  a l l o y s  was i n  t h e  range of l , 5  t o  2 orders  of rnagrajCtude 
l e s s  than  i n  6.5 v / o  F2. 
Surface recess ion  r a t e s  i n  flowing argon-6.5 v /o  Pp- 
5.4 v /o  Q2 a r e  p l o t t e d  i n  Figure 3 .  This atmosphere i s  the most 
aggress ive  employed i n  t h i s  program, Again, da ta  obtained 
previously f o r  tungsten,  iridianm,and A T J  g raph i t e  a r e  included, 
Thle lowest c a l c u l a t e d  recess ion  r a t e s  obtained i n  t h i s  atmosphere 
were f o r  Hf-Ir3 and TaIr  both  o f  which exh ib i t ed  temperature 3' 
dependence s i m i l a r  t o  unalloyed iridiurn,  Re-35Ir had a uniform 
recess ion  r a t e  of  about 2 rnilslmin over t h e  range of  3500"-450OoF, 
F i n a l l y ,  t h e  W-Re-Ir a l l o y s  exh ib i t ed  su r face  recess ion  rates of 
a t  l e a s t  a f a c t o r  of two l e s s  than  tungsten and A T J  g r a p h i t e  
above 3500°F, 
Surface recess ion  data  f o r  W-Re-Ir and Re-Ir a l l o y s ,  
HfIr3,  and TaIr3 i n  argon-10 v /o  hydrogen f luor ide-2 .3  v/o 
oxygen a r e  p l o t t e d  i n  Figure 4 ,  I n  t h i s  atmosphere, m o s t  of Lhe 
weight l o s s  r e s u l t s  from i n t e r a c t i o n  wi th  oxygen. It i s  not 
s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  t h e  loves t  r ecess ion  r a t e s  were 
obtained f o r  t h e  HfIr3 and TaIr3 i n t e r m e t a l l i c  compounds. These 
m a t e r i a l s ,  i n  f a c t ,  had weight ga ins  because of  t h e  develiopme~~t 
of oxide f i lms .  The TaIr3 i n t e r m e t a l l i c  exh ib i t ed  a weight gain 
st 3000°F and HfIr3 a t  4000°F. Re-35Ir had a l i n e a r l y  temperature- 
dependent r ecess ion  r a t e  vary ing  from about 0 , 3  m i  l /min a t  5000°F 
t o  0.6 mil/min a t  4500°F, The W-Re-Ir a l l o y s  and Re-25Hr had 
r ecess ion  r a t e s  i n  t h e  range of  0.8 t o  1 , 5  mils/min, 
A s  previous l y  discussed,  the  in f luence  of  boron- 
conta in ing  gaseous spec ies  i n  t h e  co r ros ion  of r e f r a c t o r y  mater i -  
a l s  was undefined i n  e x i s t i n g  da ta ,  Accordingly, s e l e c t e d  
m a t e r i a l s  were exposed i n  BF3, BF3-02, and BF -H atmospheres. 3 2 
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The l a t t e r  atmosphere was intended t o  provide f r e e  boron via 
r e a c t i o n  t o  form t h e  s t a b l e  HF molecule. The r e s u l t s  of  
oxidat ion-corrosion t e s t s  i n  boron-containing atmospheres a r e  
p l o t t e d  i n  Figures  5 through 7, 
Figure 5 shows t h e  su r face  recess ion  r a t e  of  tungsten,  
i r id ium,  and ATJ  g raph i t e  i n  argon-10 v /o  BF3 from 3000' -5500°F. 
Data f o r  Re-25Ir and Re-35Ir a t  4000°F only a r e  included,  
Except f o r  A T J  g raph i t e ,  t h e  r ecess ion  r a t e  i n  10  v /o  BF3 i s  
about equiva lent  t o  t h a t  i n  I 0  v /o  HF, i n  t h e  range of 0,01 t o  
0.07 mil/min, ATJ g raph i t e  increased  r a p i d l y  i n  recess ion  r a t e  
from about 0.08 mil/min a t  350OQF t o  0,2 a t  480Q0F0 Examination 
of t h e  sample su r faces  a f t e r  exposure i n  a low-power microscope 
d i d  n o t  i n d i c a t e  any su r face  melt ing r e a c t i o n s  with t h e  boron 
i n  BF3. Thus, r e a c t i o n  wi th  BF3, l i k e  HF, appears t o  be a 
secondary problem i n  rocket  nozzle  environments f o r  the  n a t e r i a l s  
evaluated.  
Surface recess ion  r a t e s  o f  tungsten and ATJ g raph i t e  
i n  argon-4.3 v /o  BF3-4.0 v / o  O2 a r e  p l o t t e d  i n  Figure 6. Also  
included a r e  da ta  previously obtained i n  argon-6.5 v /o  F2- 
4.0 V / O  OZ1 which provides t h e  same f l u o r i n e  and oxygen mas? 
flow r a t e s  a s  t h e  BF3-O2 atmosphere. The su r face  recess ion  
- - 
r a t e s  of  ATJ g r a p h i t e  a r e  s l i g h t l y  higher  i n  BF3-0 , and tung- 
s t e n  s l i g h t l y  lower, than i n  argon-4 v / o  oxygen, Thus, 
these  t e s t s  aga in  i n d i c a t e  only a minor e f f e c t  of BF3 on the 
- 
su r face  recess ion  r a t e ,  It appears t h a t  t h e  r ecess ion  rate s f  
ATJ  g r a p h i t e  i s  about eq.uivalent t o  t h e  sum of  t h e  r ecess ion  
r a t e s  i n  t h e  individua 1 BF3 and 9 environments. For tungsten,  
lower oxida t ion-corros ion  i n  BF -0 may be due t o  interactions 3 2 
producing B 0 F spec ies  which reduce t h e  e f f e c t i v e  oxygen 
X Y Z  
concent ra t ion ,  
Figure 7 i s  a p l o t  of t h e  r ecess ion  r a t e s  of  tungsten,  
i r id ium,  ATJ  g raph i t e ,  Re-25Ir, and Re-35Ir i n  argon-10 v/o BF3- 
10 v /o  Hz. This atmosphere was intended t o  produce f r e e  boron 
by i n t e r a c t i o n  of t h e  gases t o  produce hydrogen f l u o r i d e  and 
I I T  R E S E A R C H  I N S T I T U T E  
IITRI-B6102-13 
(Fina l  R e p o r t )  
A ATJ Graphite 
H Iridium 
2500 3000 3500 4500 5000 5500 
Exposure Temperature, 'F 
F i g ,  5 - Sur face  Recession Rate o f  Refractory W t e r i a l s  




Exposure Temperature, O F  
Fig. 7 - S u r f a c e  Recession Rate of Refractory Materials 
i n  FLowing Argon-lO v/o RF3-10 v/o H2. 
boron. Assuming r e a c t i o n  w i t h  a l l  a v a i l a b l e  hydrogen, t h e  
atmosphere a t  t h e  sample s u r f a c e  contained BF3, HF, and boron. 
Examination of t h e  sample su r faces  a f t e r  exposure i n  a kow- 
power microscope demonstrated t h a t  f r e e  boron was produced in. 
t h e s e  t e s t s .  Furthermore, s u r f a c e  mel t ing  was r e a d i l y  visible 
on bo th  i r i d i u m  and tungs ten  samples, b u t  n o t  on ATJ  specimens, 
Surface r e c e s s i o n  da ta  a r e  p l o t t e d  i n  F igure  7 for 
i r i d i u m  and Re-35Ir, a l though r e c e s s i o n  r a t e s  could n o t  be 
c a l c u l a t e d  because t h e  samples were brazed t o  t h e  tungs ten  rod 
a f t e r  exposure, The da ta  a r e  p l o t t e d  only t o  i n d i c a t e  t h e  
temperatures  a t  which mel t ing  occurred.  It was es t imated that 
5 ,  10,  and 30% of  t h e  i r i d i u m  samples had melted a f t e r  5 rnin 
a t  3000°, 3500°, and 4000°F, r e s p e c t i v e l y ,  S i m i l a r l y ,  about 
5% of  t h e  Re-35Ir sample melted a f t e r  5 min a t  4000°F, Surface 
mel t ing  was a l s o  v i s i b l e  on t h e  tungs ten  samples exposed a t  
4000" and 4500°F; the  decrease  i n  c a l c u l a t e d  r e c e s s i o n  rate f o r  
tungs ten  a t  4000' and 4500°F i s  probably due i n  p a r t  t o  boron 
uptake by t h e  tungs ten  samples r e s u l t i n g  i n  lower weight Isss,  
ATJ graphi , te  d id  neat Tndicate  any s u r f a c e  r e a c t i o n  
w i t h  boron. The measured r e c e s s i o n  r a t e  was s i m i l a r  t o  t h e  
combined r a t e  of  10 v / o  BF3 and 10 v / o  H2,  bo th  i n  t h e  measured 
r a t e  and i t s  temperature dependence, 
The t e s t s  i n  BF3-H2 demonstrate t h a t  f r e e  boron can 
cause s u r f a c e  me l t ing  of  i r id ium,  tungs ten ,  and Re-Ir  a l l o y s ,  
Unfortunately ,  t h e  boron e u t e c t i c  i s  lowest f o r  i r id ium,  which 
has t h e  b e s t  r e s i s t a n c e  t o  combined fluorine-oxygen a t  3000'- 
4400°F, Thus, boron must be considered a s  a cor rodent  equiva- 
l e n t  t o  f l u o r i n e  and oxygen f o r  some m a t e r i a l s .  These tests 
a l s o  suggest  t h a t  i t  i s  l i k e l y  t h a t  f r e e  carbon would a l s o  
cause mel t ing  o f  i r i d i u m  above t h e  I r - C  e u t e c t i c  (-4000°F), 
The s u r f a c e  r e c e s s i o n  r a t e  of g r a p h i t e  i n  argon- 
hydrogen mixtures  i s  p l o t t e d  i n  F igure  8. Also shown i s  the 
weight l o s s  i n  t h e  absence o f  hydrogen r e s u l t i n g  from mechanical 
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Fig. 8 - Surface Recession Rate of ATJ  Graphite i n  
Flowing Argon and. Argon-Hyd.rogen. 
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erosion of the graphite surface, It was found that the A T J  
graphite samples lost 4 to 6 mg during heating in vacuum at 
4000°F. Consequently, all graphite samples were vacuum out- 
gassedprior to corrosion tests. Data in Figure 8 indicate that 
the recession rate sf graphite in 10 v/o hydrogen was less than 
0.2 mil/min below 4500°F, but increased abruptly to about 
0.6 mil/min at 4900°F. Thus, the CH2 reaction is a secondary 
problem below 4500°F compared to fluorine and oxygen inter- 
actions, 
Mechanical Property Determinations 
The composites fabricated in this program were to be 
evaluated by thermal shock and room-temperature transverse 
rupture tests in addition to oxidation-corrosion tests, Trans- 
verse rupture tests were precluded because of the following: 
1, Additional corrosion tests in boron- 
containing atmospheres were required 
which prohibited fabrication of com- 
posites, 
2, W-Re-Pr and Re-Ir alloys could not be 
fabricated by hot rolling, as described 
in Seetion 11-B. 
3, The results of boron studies indicated 
that iridium-rich secondary additions 
would melt in boron-containing 
atmospheres, 
The oxidation-corrosion tests in boron-containing 
atmospheres were substituted for mechanical property tests byr 
contract modification. 
In effect, thermal shock tests were conducted on all 
materials during oxidation-corrosion tests, Nominally, test 
samples were induction heated to the test temperature of 3500"- 
5500°F in 15-25 see. Thus, the heating rates were at least 
200°~/sec. At the completion of each test, the argon was left 
flowing after the corrodent gas or gases were stopped. This 
method produced gas quenched cooling to below red heat in 
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about 15 s e c ,  Each corros ion  t e s t ,  t he re fo re ,  cons is ted  of  a 
complete thermal shock cyc le ,  I n  no case was thermal shock 
cracking observed on W-Re-Ir, Re-Ir ,  ATJ  g raph i t e ,  HfIr3, o r  
TaIr3  samples. Consequently, no severe thermal shock problems 
a r e  a n t i c i p a t e d  wi th  any of these  ma te r i a l s  i n  rocket  nozzle 
conf igura t ions ,  
An at tempt  was made t o  eva lua te  t h e  thermal shock 
c h a r a c t e r i s t i c s  of the  ma te r i a l s  evaluated i n  t h i s  program using 
t he  f i g u r e  of meri t  thermal shock formation, This  parameter i s  
expressed a s  : ( 4 2 )  
where M = index of meri t  
2 K = thermal conduct iv i ty  (Btu- in / (hr )  ( f t  ) (OF) 
s = t e n s i l e  s t r e n g t h  a t  temperature T 
a = c o e f f i c i e n t  of thermal expansion ( i n / i n O  F)  
E = e f f e c t i v e  modulus a t  temperature T 
High values of M ind ica ted  low thermal shock s e n s i t i v i t y ,  
This  parameter i s ,  of course,  overs impl i f ied  and 
appropr ia t e  only f o r  comparing mate r i a l s  i n  a  s p e c i f i c  test, 
because the  t e s t  specimen conf igura t ion  and the  cool ing rate a r e  
primary v a r i a b l e s ,  The index of meri t  c a l c u l a t i o n  i s  most 
appropr ia t e  f o r  eva lua t ing  b r i t t l e  ma te r i a l s ,  s i n c e  i n  an actual 
t e s t  a  f r a c t u r e  s t r e s s  ( o )  o the r  than the  t e n s i l e  s t r e n g t h  rnay be 
appropr ia t e .  For d u c t i l e  ma te r i a l s ,  p l a s t i c  deformation must 
be taken i n t o  account i n  eva lua t ing  a  thermal shock parameter,  
Obviously, thermal shock s e n s i t i v i t y  ca lcu la ted  a s  
above w i l l  be obtained i n  a  low t e n s i l e  s t r e n g t h ,  h igh  modulus 
ma te r i a l  wi th  low conduct iv i ty  and a  high expansion c o e f f i c i e n t ,  
Since K, a ,  a ,  and E a r e  a11 temperature dependent, i t  i sk  a l s o  
c l e a r  t h a t  any mate r i a l  may e x h i b i t  a  p a r t i c u l a r  temperature 
range of maximum shock s e n s i t i v i t y .  This  means t h a t  the p r o p e r t i e s  
a s  a  func t ion  of temperature must be known t o  e s t a b l i s h  the  min- 
imum index of m e r i t -  These da ta  a r e  no t  known f o r  the  W-Re-Ir, 
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Re-Ir,  Ir3Hf, and I r 3 T a  a l l o y s  inves t iga ted  i n  t h i s  program. 
However, from the  r o l l i n g  s t u d i e s  described i n  Sect ion  1 1 1 - B ,  
thermal shock s e n s i t i v i t y  might be expected f o r  the  Re-Ir and 
W-Re-Ir a l l o y s ,  
Indexes of mer i t  a t  room temperature c a l c u l a t e d  from 
d a t a  i n  t h e  l i t e r a t u r e  f o r  tungsten,  rhenium, and i r id ium a r e  i n  
4 t h e  range of 1 x lo3  t o  1 x 10 . Unalloyed i r o n  and a u s t e n i t i c  
s t a i n l e s s  s t e e l s  have mer i t  indexes i n  t h e  range of 1 x l o 2  t o  
3 1 x 10 . The r e f r a c t o r y  metals g e n e r a l l y  have higher  thermal 
conduct iv i ty  and s t r e n g t h  and lower expansion c o e f f i c i e n t s ,  
6 which o f f s e t s  t h e  h igher  modulus (60-80 x 10 ) , Thus, thermal 
shock problems under normal cyc l ing  condi t ions  with tungsten,  
rhenium, and i r id ium can only be a n t i c i p a t e d  near  room tempera- 
t u r e  where d u c t i l i t y  may be l imi ted .  The I r 3 M ,  Re-Ir ,  and W-Re- 
Ir a l l o y s  may e x h i b i t  thermal shock f a i l u r e  a t  h igher  tempera- 
t u r e s =  Although t h e  p r o p e r t i e s  a r e  no t  a v a i l a b l e  f o r  these  a l -  
loys ,  i t  i s  expected t h a t  high modulus would be re t a ined .  
Thermal conduc t iv i ty  should be lower i n  t h e  a l l o y s  than i n  t h e  
pure meta ls ,  Both t h e s e  f a c t o r s  and high-temperature b r i t t l e -  
ness  (Sect ion 11-B) tend t o  i n c r e a s e  thermal shock s e n s i t i v i t y .  
Thus, i t  i s  p o s s i b l e  t h a t  thermal shock cracking of I r 3 M ,  Re-Ir ,  
o r  W-Re-Ir a l l o y s  may be encountered f o r  s p e c i f i c  sample geome- 
t r i e s  and/or  under more extreme thermal shock condi t ions  than 
were applied.  i n  t h i s  program. 
3. Supplemental I n v e s t i g a t i o n s :  
High-Temperature Melting Stud.ies 
High-temperature melting i n t e r a c t i o n  of  s e v e r a l  cand.i- 
d.ate composite m a t e r i a l s  w a s  inves t iga ted .  by hea t ing  m a t e r i a l  
combinations of i n t e r e s t  u n t i l  mel t ing was observed.. The mater-. 
i a l  combinations and. t h e  observed i n c i p i e n t  melt ing temperatures 
a r e  given i n  Table X I .  Also l i s t e d .  a r e  e u t e c t i c  temperatures 
from the  l i t e r a t u r e  t h a t  apply t o  each combbat ion .  
I n  t h i s  work, smal l  p ieces  o f I r , R e , ~ f l r ~ ,  and TaIr3 
were placed on the  l a r g e r  (nominally 0.5 x 0,5 x 0,125 i n . )  
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TABLE X I  
MELTING TEMPERATURES 
OF SEVERAL REFRACTORY MATERIAL COMBINATIONS 
Inc ip ien t  
Me It ing A p p l i c a b l e  
T e m p  . , ;' 
M a t e r i a l  C o m b i n a t i o n  O F  Sys t e m  OF 
I r i d i u m - B o r o n  
I r i d i , u m / H f ~ z  
H f I r ,  /ATJ graphi te  
H f I r ,  / H ~ C - 3 3  v /o  C  
T a I r ,  /ATJ graphi te  
T a 1 r , / ~ a ~ - 2 0  v /o C  
I r - B  
I r - H f  
I r - B  
I r - H f  
I r - C  
I r - H f  
I r - C  
I r - H f  
I r - C  
I r - H f  
I r - C  
I r - T a  
I r - C  
I r - T a  
R e - C  
R e - H f  
9 : C o r r e c t e d  t e m p e r a t u r e  ,using e n l i t t a n c e  of 0.85 fo r  H f G -  
33 v/o C,  T a C - 2 0  v/o C ,  A T J  graphi te ,  and H f B 2 .  
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samples of HfC-C, TaC-C, ATJ g raph i t e ,  and HfB2. The l a r g e r  
samples were ind.uction heated. i n  the  f l u o r i n e  corros ion  appara-- 
teas und.er an i n e r t  atmosphere of argon. Samples were he ld  a t  
50°F i n t e r v a l s  from about 3000°F t o  the  observed. melting p0in. t  ,, 
Hold.ing times a t  each temperature were 5 min. The i n t e r a c t i o n  
temperatures reported. were observed. on t h e  l a r g e r  carb ide ,  bo- 
r i d e ,  or  g r a p h i t e  samples. I n  a l l  cases ,  the  temperature on the 
top of t h e  Ir,  Re, Hf I r j ,  o r  TaIr3 appeared t o  be s l i g h t l y  lower  
than t h a t  of t h e  l a r g e r  sample. However, the  i n t e r f a c e  tempera- 
t u r e  of the  m a t e r i a l  p a i r  i s  t h e  important one and should have 
been b e s t  represented by t h e  temperature of the  l a r g e  sample, 
The observed melting temperature may be s l i g h t l y  h igher  than t h e  
equi l ibr ium melting temperature,  s i n c e  the  holding time a t  any 
p a r t i c u l a r  temperature was approximately 5 min. This holding 
time may no t  be s u f f i c i e n t  t o  obta in  equi l ibr ium i n  these  high-  
melting mate r i a l s .  
Examination of these  r e s u l t s  i n d i c a t e s  t h a t  i n  the  
case of I ~ / H ~ B ~  and Re/Hfc-33 v/o C the  observed melting temper- 
a t u r e s  a r e  somewhat h igher  than may be expected. from l i t e r a t u r e  
values of app l i cab le  e u t e c t i c  temperatures.  ..,.. As ind.ica.ted. above, 
t h i s  may be due t o  no t  having achieved. equi l ibr ium cond.it ions,  
4 % 
I n  t h e  case of 1 r / ~ f C - 3 3  v /o  C i t  appears t h a t  the  
I r - C  e u t e c t i c  i s  the  l i m i t i n g  temperature because of t h e  free 
carbon. Examination of the  r e s u l t s  i n  Table X I  ind . ica tes  rea- 
sonable c o r r e l a t i o n  wi th  published, values i n  most cases .  The 
melting poin t  of 2360°F observed. f o r  the  I r - B  e u t e c t i c  was only 
about 100°F higher  than t h e  reported. value.  The da ta  f o r  I r - H f B 2  
ind . ica tes  t h a t  t h i s  combination i s  uns table ,  a s  expected., a,%- 
though t h e  observed. melting po in t  of 3190°F i s  consid.erably 
above both the  I r - B  and. Ir-Hf e u t e c t i c s .  The HfIr3-HfB2 combi- 
n a t i o n  melted, a t  3860°F, which was j u s t  below t h e  melting point 
of the  carbid.es.  
Melting po in t s  obtained f o r  HfIr3 i n  combination with 
A T J  g r a p h i t e  and HfC-33 v /o  C were i n  t h e  range of t h e  I r - C  
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e u t e c t i c  (-4100°F). On the  o ther  hand., TaIrg exhibited.  mel t ing  
po in t s  of about 4500°F f o r  both g r a p h i t e  and. the  carbid.e dam- 
p o s i t e .  The observed. melting temperature f o r  Re/HfC-33 v/o C 
was 4850°F, about 300°F h igher  than the  reported. temperature f o r  
the  Re-C e u t e c t i c ,  
The r e s u l t s  of i n t e r a c t i o n  s  tud.ies suggested t h a t  the 
h ighes t  melting composites would be obtained f o r  TaIr3 i n  combi- 
na t ion  with e i t h e r  A T J  g r a p h i t e  o r  TaC-graphite composites, Ad- 
d i t i o n  of H f I r j  i n  a g r a p h i t e  or  carb ide  matr ix  does no t  appear 
t o  provide any s i g n i f i c a n t  ad.vantage i n  melting po in t  over unal-  
loyed i r id ium,  Other systems wi th  promise could be rhenium-rich 
Re-Ir a l l o y s  i n  the  carb ide  m a t e r i a l s ,  These systems should 
pr0vid.e melting po in t s  above 4400°F, i n  t h e  absence of boron i n  
the  combustion g a s ,  Boron w i l l  l i k e l y  cause melting of any 
i r id ium-r ich  second. phase of a  composite below 4000"F, 
The melting po in t s  of W-Re-Ir a l l o y s  were determined 
i n  a  s i m i l a r  manner t o  the  i n t e r a c t i o n  temperatures discussed i n  
t h e  previous s e c t i o n ,  A comparison of the  observed so l idus  tern- 
pera tu re  of these  a l l o y s  wi th  est imated values f o r  t h e  W - I r  
phase diagram(') i s  presented i n  Table X I I .  The melting temper- 
a t u r e s  i n  the  W-Re-Ir system a r e  con t ro l l ed  by t h e  W - I r  sysrern, 
s i n c e  t h e  e u t e c t i c  temperature i s  about 4 1 8 0 " ~  (80 w/o I r )  i n  
the  W - I r  system. The minimum melting po in t  i n  t h e  W-Re system 
i s  about 5250°F, (3) 
Table X I 1  i n d i c a t e s  t h a t  a l l  of the  W-Re-Ir a l l o y s  
prepared i n  t h i s  program melt  above 4500°F- The v a r i a t i o n  i n  
est imated melt ing temperature r e s u l t s  from d i f fe rences  i n  re-  
ported W - I r  phase diagrams, (') The r e s u l t s  i n  Table X I 1  t end  t o  
v e r i f y  t h e  r e s u l t s  of Giessen, r a t h e r  than those of Tylkina 
e t  a l . ,  i . e . ,  t he  lower temperatures f o r  the  e u t e c t i c  a t  -70 
w/o W (4470°F), and the  p e r i t e c t i c  r e a c t i o n  a t  75 w/o W (4650"F2c 
The r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e  l a r g e  decrease i n  melting 
po in t s  occurs i n  the  range of 0-15 w/o Ir. Further  inc rease  i n  
i r id ium concent ra t ion  t o  20 w/o does not  cause a  s i g n i f i c a n t  de- 
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TABLE XI1 
APPROXIMATE MELTING TEMPERATURES 
OF W-Re-Ir ALLOYS 
Optical Pyrometer Estimated Alloy 
Compos it ion, Temp,, OF Meltinb 1 Temp, , 
W/O Uncorrected OF 
(a)~emperature corrections made using an emittance of 
0,35 for these alloys. 
(b)~rom Reference 2. 
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A l i m i t e d  s tudy  of t h e  p o t e n t i a l  of  c o a t i n g  and /o r  i m -  
p r egna t ing  ATJ g r a p h i t e  w i t h  i r i d i u m - r i c h  a l l o y s  w a s  conducted,  
ATJ g r a p h i t e  samples were s lu r ry -coa t ed  w i t h  -325 mesh iridiuna, 
o r  i r i d i u m - r i c h  powders, and hea ted  i n  argon above 4200°F i n  the  
c o r r o s i o n  appa ra tus .  The AT3 samples were outgassed i n  vacuum 
a t  4200°F f o r  5 min p r i o r  t o  a p p l i c a t i o n  o f  t h e  s l u r r y .  The 
r e s u l t s  of  t h e s e  t e s t s  a r e  summarized i n  Table  X I I I .  
A l l  of  t h e  c o a t i n g s  tended t o  dewet a f t e r  me l t i ng ,  pro- 
ducing a t h i n ,  d i scont inuous  s u r f a c e  c o a t i n g  a long  w i t h  large 
g lobu le s  of me ta l .  I n  a l l  c a s e s ,  t h e  meta l  w a s  conver ted t o  a 
g r a y ,  shin.y m a t e r i a l .  Addi t ion  of  3  and 5 w/o Hf mintmized t h e  
format ion of meta l  g l o b u l e s ,  b u t  d i d  no t  produce a c o a t i n g  of 
uniform t h i c k n e s s .  Rhenium a d d i t i o n s  produced h ighe r  mel t ing  
tempera tures ,  as expected,  bu t  d i d  n o t  i n f l u e n c e  w e t t i n g  signif- 
i c a n t l y .  The most uniform c o a t i n g  w a s  ob ta ined  w i t h  unal loyed 
i r i d i u m  heated a t  4200°F, j u s t  above t h e  I r - C  e u t e c t i c  (,4PO0°F), 
I n  g e n e r a l ,  no s i g n i f i c a n t  impregnation of  t h e  graph-  
i t e  w a s  ob t a ined ,  This  w a s  ev iden t  upon f r a c t u r i n g  t h e  coa ted  
samples and examining t h e  f r a c t u r e  s u r f a c e  w i t h  a low-power 
microscope.  Sur face  r e a c t i o n  w a s  g e n e r a l l y  s u p e r f i c i a l ,  except 
beneath  t h e  meta l  g lobu le s  where more e x t e n s i v e  r e a c t i o n  with 
t h e  g r a p h i t e  occur red .  Bonding of  t h e  m e t a l l i c  s u r f a c e  m a t e r i a l  
w a s  normally e x c e l l e n t  f o r  a l l  composi t ions .  However, t h i s  t ech -  
n ique  d i d  n o t  appear  t o  be a promising method o f  c o a t i n g  and lo r  
impregnating g r a p h i t e  w i t h  i r i d i u m .  Consequently,  work on 
i r id ium-coa ted  g r a p h i t e  w a s  d i s con t inued .  Some succes s  i n  
plasma-arc d e p o s i t i o n  and gas  p re s su re  bonding i r i d i u m  on 
g r a h p i t e  i s  r e p o r t e d  i n  r e f e r e n c e  44 ,  
4 .  Metallography 
Se l ec t ed  W-Re-Ir a l l o y s  were examined meta l lograph-  
i c a l l y  i n  t h e  arc-melted c o n d i t i o n  and a f t e r  exposure i n  fluorine 
a t  4500°F. It was expected t h a t  exposure i n  f l u o r i n e  above 3500°F 
would r e s u l t  i n  t h e  development of i r i d i u m - r i c h  s u r f a c e  l a y e r s  
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TABLE X I 1 1  
BEHAVIOR OF I R I D I U M - R I C H  ALLOYS 
MELTED ON A T J  GRAPHITE 
Applied Heating 
Alloy Alloy Condition 
Composition, Thickness 
a )  Temp., Time, 
W / O  rng/cm2 m i l s (  O F  min Comments 
Ir id.ium 240 4.3 4600 6 Extensive dewet- 
t i n g  
I r id ium 110 2.0 4600 3 Dewetting , u n i -  
form s u p e r f i c i a l  
metal  coa t ing ,  
1rid.ium 124 2.2 4200 3  S l i g h t  dewetting, 
uniform metal  
coa t ing ,  
Ir-20Re 220 3.9 ' 4750 3 Dewetting, super- 
f i c i a l  metal  
coa t ing ,  
Ir-20Re 112 2.0 4600 3 Dewett i n g  , super -, 
f i c i a l  metal  
coa t ing ,  
Ir-3Bf 182 3 ,5  4200 3 Some d.ewetting , 
uniform, rough 
metal  coa t ing ,  
Ir-5Hf 80 1.4 4200 3  Some dewetting, 
uniform, rough 
metal  coa t ing ,  
( a ) ~ v e r a g e  ca lcula ted .  th ickness  of f u l l y  dense i r id ium.  
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on W-Re-Ir a l l o y s  because of s e l e c t i v e  a t t a c k  of tungs ten  and 
rhenium. Metallography of exposed samples v e r i f i e d  t h i s  hypoth- 
e s i s .  
The m i c r o s t r u c t u r e s  of  W-15Re-1OIr and W-15Re-P5Ir a r e  
shown i n  F igure  9 .  Both a l l o y s  a r e  two-phase, c o n s i s t i n g  of  the 
p r o - p e r i t e c t i c  W-rich s o l i d  s o l u t i o n  i n  a ma t r ix  of  e i t h e r  the 
E o r  CT (W-Ir) i n t e r m e t a l l i c  compound. Rhenium may a l s o  be dis- 
solved i n  t h e  m a t r i x  phase;  t h e  s o l u b i l i t y  of rhenium i n  t h e  
W - I r  i n t e r m e t a l l i c  compounds i s  unknown. The h ighe r  i r i d i u m  
a l l o y  i s  somewhat more b r i t t l e  as i n d i c a t e d  by i n t e r n a l  c r ack -  
i ng  induced by meta l lographic  p r e p a r a t i o n  (F igure  9b ) .  
I r i d i u m - r i c h  s u r f a c e  l a y e r s  developed on W-25Re-l0Ir 
and W-15Re-15Ir by exposure i n  f l u o r i n e  a r e  shown i n  Figure  10, 
The l a y e r s  a r e  probably p r i m a r i l y  Ir-Re a l l o y s  s i n c e  tungs ten  
should be s e l e c t i v e l y  removed a t  4500°F. No evidence o f  me l t -  
i ng  e x i s t s  a l though  the  samples were exposed above t h e  mel t ing  
p o i n t  of  i r i d i u m  (4450°F). This  i n d i c a t e d  t h a t  t h e  s u r f a c e  
l a y e r s  a r e  probably I r -Re,  r a t h e r  than i r i d i u m ,  These su r face  
l a y e r s  r e s u l t  i n  dec reas ing  c o r r o s i o n  r a t e  w i t h  t ime f o r  W-Re- -1 r  
a l l o y s .  The l a y e r  i s  more dense and adheren t  on t h e  W-25Re-1511- 
a l l o y  (F ig .  l ob )  than on t h e  lower i r i d ium a l l o y .  Corrosion 
mechanisms of  t h i s  type provide t h e  b a s i s  f o r  improving t h e  
ox ida t ion -co r ros ion  r e s i s t a n c e  of  composites by a d d i t i o n s  of  a 
c o r r o s i o n - r e s i s t a n t  second phase i n  a s u i t a b l e  ma t r ix .  
5 .  Discuss ion  
a .  Oxidation-Corrosion of  Tungsten-Base Al loys  
I n  a d d i t i o n  t o  t h e  ox ida t ion -co r ros ion  t e s t s  descr ibed  
i n  Sec t ion  1 1 - C - 1 ,  c o r r o s i o n  t e s t s  were a l s o  conducted i n  f l u o -  
r i n e  t o  i n v e s t i g a t e  s p e c i f i c  c o r r o s i o n  mechanisms. These t e s t s  
inc luded:  (1)  de t e rmina t ion  of  t h e  time dependence of s u r f a c e  
r e c e s s i o n  r a t e  o f  W-Re-Ir a l l o y s ,  (2 )  measurement of t h e  influ- 
ence o f  impingement ang le  on t h e  c a l c u l a t e d  s u r f a c e  r e c e s s i o n  o f  
t ungs t en  and ATJ g r a p h i t e  i n  argon-6.5 v /o  f l u o r i n e ,  and (3)  corn 
p a r i s o n  o f  t h e  s u r f a c e  r e c e s s i o n  r a t e  of W-15Re-20Ir and ATJ 
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Neg. No. 37940 X200 
(a) W-15Re-1OIr 
Neg, No. 37939 X200 
(b) W-25Re-15Ir 
Fig.  9  - Micros t ruc ture  of W-Re-Ir Alloys 
A s  Arc -Me1 ted  . 
I r - r i c h  
l a y e r  
Neg. No. 37936 X200 
(a )  W-25Re-10Ir 
I r - r ich .  
layer 
Neg. No. 37937 X200 
(b) W-25Re-15Ir 
F ig .  10 - Iridium-Rich Surface Layers Developed 
on W-Re-Ir Alloys Exposed i n  Argon- 
6.5 v / o  F luor ine  a t  4500°F f o r  9  min. 
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g r a p h i t e  i n  flowing f l u o r i n e ,  Experimental d.ata f o r  these  t e s t s  
a r e  summarized, i n  Appendix A, Tables A - I X  through A - X I I ,  
The r e s u l t s  of metallographic examination of W-Re-Ir 
a l l o y s ,  d.escribed. i n  the  previous s e c t i o n ,  ve r i f i ed .  t h a t  
i r id ium-r ich  su r face  l aye r s  were d.eveloped. on these  a l l o y s  a t  
4000°F, 1rid.ium-rich su r face  resid.ues were expected. based, on 
the  r e l a t i v e  corros ion  r a t e s  of unalloyed tungsten,  rhenium, and 
i r id ium i n  f l u o r i n e ,  Development of these  layers  i s  k i n e t i c a l l y  
s i m i l a r  t o  t h e  mechanism by which r e f r a c t o r y  carbon chars  are 
d.eveloped. on a b l a t i v e  m a t e r i a l s ,  and. they can be s i m i l a r l y  e f -  
f e c t i v e  i n  decreasing t h e  su r face  recess ion  r a t e .  However, i t  
was not  known whether t h e  su r face  m a t e r i a l  developed from alloys 
containing 10-20 w/o i r id ium would be adherent i n  a  high-  
v e l o c i t y  gas stream, I f  i r id ium-r ich  su r face  layers  developed 
were adherent ,  nonl inear  r ecess ion  r a t e s  were expected, 
Samples of W-Re-Ir a l l o y s  were exposed. i n  argon-6,s 
v /o  f l u o r i n e  f o r  increment;il exposure of 0 ,5 ,  0.5, 1, and. 2 min,  
Recession r a t e s  w e r e , c a l c u ~ a t e ~  from the  cumulative weight loss  
f o r  each period. a t  0 ,5,  B, 2, and. 4  min. It was recognized t h a t  
d.ata s c a t t e r  would. be high f o r  the  0.5 min exposures, Calculat- 
ed. recess ion  r a t e s  a s  a  funct ion  of exposure time f o r  W-Re-Ir 
a l l o y s  a t  4000" and. 4500O~ a r e  p lo t ted .  i n  Figures 11 and. 1.2, r e -  
spec t ive ly .  
A l l  of t h e  W-Re-Ir a l l o y s  e x h i b i t  d.ecreasing corros ion  
r a t e  with increas ing  exposure time, However, the  W-15Re-1OIr 
and. W-25Re-10Ir a l l o y s  had. equiva lent  or  h igher  recess ion  r a t e s  
a t  4500" than 4Q00°F. This was unexpected. s i n c e  the  recess ion  
r a t e s  of rhenium i n  f l u o r i n e  d.ecrease r a p i d . 1 ~  above 4000°P, 
Thus, i t  was expected. t h a t  rhenium would. a l s o  con t r ibu te  t o  any 
p r o t e c t i v e  l aye r  formed. a t  4500°F, The corros ion  d.ata i n  F i g -  
ures  11 and. 12 suggest  t h a t  t h i s  d.id,  no t  occur* 
Surface recess ion  r a t e s  f o r  t h e  W-15Re-15Ir and W- 
25Re-15Ir a l l o y s  were g e n e r a l l y  comparable wi th in  t h e  d a t a  scat- 
t e r  a t  4000' and 4500°F, On the  o the r  hand, the  two a l l o y s  w i t h  
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Cumulative Exposure Time, min 
Fig. 11 - Effect of Exposure Time on the Surface Re- 
cession Rate of W-Re-Ir Alloys in Argon- 
6.5 v/o Fluorine at 4000°F, 
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Cumulative Exposure Time, min 
Fig. 12 - Effect of Exposure Time on the Surface Re- 
cession Rate of W-Re-Ir Alloys in Flowing 
Argon-6.5 v/o Fluorine at 4500°F. 
64 IITRI-B6102- 13 
(Final Report) 
20 w/o irid.ium exhibited.  lower recess ion  r a t e s  a t  4500°F than a t  
4000°F, p a r t i c u l a r l y  f o r  the  W-25Re-201r a l l o y s ,  These r e s u l t s  
suggest t h a t  the  measured. d i f f e rence  i n  time-d.epend.ent cor ros ion  
r a t e s  f o r  t h e  var ious a l l o y s  was due t o  the  d.evelopment of 
i r id . ium-rich su r face  l a y e r s ,  A t  10 w/o i r idium, the  su r face  
layer  formed. was not  s u f f i c i e n t l y  d.ense and./or uniform t o  be 
p ro tec t ive .  Melting of the  ir id.ium-rich layer  d i d .  no t  occur at 
4500°F, 50" above the  melting po in t  of ir id.ium (4&50°F). The 
r e s u l t s  i l l u s t r a t e  t h a t  ad.herent layers  with reasonably high 
d.ensity were obtained, only a t  15 and. 20 w/o irid.ium, This i s  
c o n s i s t e n t  wi th  the  micros t ruc tures  shown i n  Figure 10, The ab- 
sence of melting a t  4500°F was probably d.ue t o  t h e  presence o f  
rhenium, which increased. the  melt ing po in t  of the  i r id . ium-rich 
l a y e r ,  Thus, p r o t e c t i v e  i r id ium-r ich  su r face  f i lms can be d.e- 
veloped. i n  s i t u  on W-Re-Lr a l l o y s  i n  f l u o r i n e ,  and. probably in 
' .  
fluorine-oxygen, 
The apparent tend.ency toward. nonad.herence and low d.en- 
s i t y  of su r face  l a y e r s  d.eveloped. on W-Re-Ir a l l o y s  a t  low i r i d . i -  
um concent ra t ion  d.oes no t  mean t h a t  some reduct ion  i n  recession. 
i s  no t  obtained. i n  these  a l l o y s ,  The i n i t i a l  oxid.ation-corrosion 
r a t e s  ( t  r 0) can be estimated, by assuming t h a t  the  t o t a l  reces- 
s i o n  i s  the  sum of t h e  ind.ivid.ua1 recess ion  r a t e s  f o r  t h e  con- 
s t i t u e n t s  of the  a l l o y s :  
where Rt = t o t a l  r ecess ion  
Ri = r ecess ion  of the  ind.ivid.ua1 c o n s t i t u e n t s  
v /o  i = volume f r a c t i o n  of t h e  ind iv idua l  c o n s t i t u e n t s ,  
I n  W-Re-Ir a l l o y s ,  t h e  volume f r a c t i o n  i s  about equiva lent  t o  
t h e  concent ra t ion  i n  weight percent .  
The i n i t i a l  su r face  recess ion  r a t e s  calculated.  as 
above f o r  the  W-15Re-1OIr a l l o y  a t  4000" and. 4500°F a r e  about 
2.1 and. 4.9 mils/min i n  6.5 v /o  F2 and. 6.5 v /o  F2-5.4 v/o 02, 
r e spec t ive ly .  The corresponding zero  time recess ion  r a t e s  f o r  
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t h e  W-25Re-20Ir a l l o y  a r e  1.8 and 4 ,2  mils/min, Comparison w i t h  
t h e  da ta  i n  Tables A - I  and A - I 1  (Appendix A) shows t h a t  the 5 
min average recess ion  r a t e  i s  about 15% l e s s  than t h e  i n i t i a l  
r a t e  f o r  the  W-15Re-1OIr i n  f l u o r i n e  and about 25% l e s s  i n  
fluorine-oxygen, I n  the  W-25Re-201r a l l o y ,  t h e  reduct ion  i n  the  
metal  recess ion  r a t e s  i s  the  range of 35% f o r  both atmospheres, 
Although t h e  h ighes t  reduct ion  i s  obtained f o r  the  
h igher  i r id ium a l l o y ,  an apprec iable  change i s  a l s o  obtained for 
t he  W-15Re-1OIr a l l o y ,  p a r t i c u l a r l y  i n  t h e  most aggressive at- 
mosphere (F2-02). It i s  a l s o  i n t e r e s t i n g  t o  n o t i c e  t h a t  the 
ca lcu la ted  i n i t i a l  r a t e  i s  approximated by the  30 sec  r a t e  f o r  
t h e  W-15Re-1OIr a l l o y  (Figure $1  and 1 2 ) -  On t h e  o the r  hand, 
t he  higher  i r id ium a l l o y  i s  nea r ly  a t  the  average r a t e  a f t e r  on- 
l y  1 min of exposure i n  f l u o r i n e ,  These r e s u l t s  i n d i c a t e  t h a t  
changes i n  su r face  composition do decrease t h e  recess ion  r a t e s ,  
even f o r  t h e  low i r id ium a l l o y s ,  
The inf luence  of i r id ium and rhenium add i t ions  i n  
tungsten a l l o y s  i s  b e s t  i l l u s t r a t e d  by the  p l o t  s f  recess ion  
r a t e  i n  6,5 v /o  f l u o r i n e  v s ,  Ir -k Re concent ra t ion  i n  Figure 13, 
This p l o t  i s  based on continuous 5 min exposures from the  d a t a  
i n  Table A - I  (Appendix A), From t h e  previous d iscuss ion ,  the  
p l o t t e d  su r face  recess ion  r a t e s  a r e  c l e a r l y  t h e  average reces-  
s i o n  r a t e  i n  6 ,5  v /o  f l u o r i n e  as a  l i n e a r  funct ion  of the  I r - 6 - R e  
concent ra t ion  a t  3500'-4500°F. 
A s i m i l a r  p l o t  of t h e  su r face  recess ion  r a t e  v s ,  con- 
c e n t r a t i o n  of W-Re-Ir a l l o y s  i n  argon-6,5 v/o f luor ine-5 ,% v /o  
oxygen i s  shown i n  Figure 14. Here, the  recess ion  r a t e  i s  gen- 
e r a l l y  independent of the  rhenium concent ra t ion ,  depending only 
on the  i r id ium concent ra t ion .  The only exceptions were the  
W-15Re-201r a l l o y s  a t  4500°F, which had higher  r ecess ion  a t  
3500°F than t h e  W-25Re base a l l o y s .  Rhenium has no inf luence  
i n  fluorine-oxygen because the  r ecess ion  r a t e s  of rhenium and 
tungsten i n  oxygen a r e  approximately equal ,  In  both 6.5 v /o  
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Ir + Re Concentration, w/o 
Fig, 13 - Effect of Ir 4- Re Concentration on the 
Surface Recession Rate of W-Re-Ir Alloys 




Iridium Concentration, w/o 
Fig, 14 - Effect of Iridium Concentration on the 
Surface Recession Rate of W-Re-Ir Alloys 
in Flowing Argon-6,5 v/o Fluorine-5,4 v/o 
Oxygen. 
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f l u o r i n e  and 6.5 v/o f luorine-5.4 v /o  oxygen, W-15~e-20Ir and 
W-25Re-201r had recess ion  r a t e s  a t  l e a s t  a f a c t o r  of two l e s s  
than unalloyed tungsten f o r  5 min exposures. The time depen- 
dence of t h e  recess ion  r a t e s  demonstrated f o r  W-Re-Ir a l l o y s  
indica ted  t h a t  the  t o t a l  su r face  recess ion  f o r  the  t e r n a r y  a l -  
loys would be even l e s s  f o r  longer exposures than would be pre-  
d ic ted  by the  5 min d a t a ,  
The previous d iscuss ion  i n d i c a t e s  t h a t  add i t ion  of 
i r id ium-r ich  phases i n  a  s u i t a b l e  r e f r a c t o r y  matrix a s  a  means 
of developing oxidat ion-corrosion r e s i s t a n c e  i n  composites f o r  
f luorine-oxygen-boron i s  quest ionable .  Although p r o t e c t i v e  
su r face  l aye r s  can be developed, the  concentrat ion of iridiurn- 
r i c h  phase necessary t o  provide p ro tec t ion  i n  a  v a r i e t y  of ma- 
t e r i a l s  has not  been defined. I n  the  W-Re-Ir a l l o y s ,  the 
i r id ium-r ich  phase was the  matr ix  and not  the  d ispersed  phase, 
I n  composites, the  i r id ium-r ich  add i t ion  w i l l  obviously be the  
dispersed phase, This d i f f e rence  could modify the  concentra- 
t i o n  of i r id ium-r ich  a d d i t i o n  required t o  obta in  adherence of 
t h e  su r face  l aye r .  It i s  l i k e l y  t h a t  a  h igher  concent ra t ion  o f  
i r id ium w i l l  be required i n  t h e  composites than was shown t o  be 
required i n  W-Re-Ir a l l o y s ,  For t h i s  reason, the  dispersed 
second phase should be a s  f i n e  a s  poss ib le  wi th in  t h e  con- 
s t r a i n t s  of the  f a b r i c a t i o n  technique. Although a  l a r g e  con- 
c e n t r a t i o n  of boron i n  the  exhaust atmosphere w i l l  be d e l e t e r i -  
ous, a  small  boron concent ra t ion  could, i n  f a c t ,  be b e n e f i c i a l ,  
Boron could a i d  uniform d i s t r i b u t i o n  of i r id ium-r ich  mate r i a l  
over the  su r face  by s u p e r f i c i a l  melt ing,  
b. Gas-Solid Reactions 
A l l  oxidat ion-corrosion t e s t s  described i n  Sect ion 11- 
C - 1  were conducted wi th  a  gas impingement angle  of 4500 The i m -  
pingement angle  i n  a  rocket  nozzle w i l l  gene ra l lybecons ide rab ly  
l e s s  than 45", except a t  the  t h r o a t  i n l e t  where angles  approacb- 
i n g 4 5 "  can p r e v a i l .  Accordingly, a  l imi ted  number of t e s t s  were 
conducted on A T J  g r a p h i t e  and tungsten i n  argon-6.5 v/o f l u o r i n e  
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a t  impingement angles  of 30" and 90" from the  hor izon ta l .  The 
r e s u l t s  of these  t e s t s  a r e  p l o t t e d  i n  Figure 15 and summarized 
i n  Tables A-X and A - X I  (Appendix A), Data obtained previously 
f o r  a 45" impingement angle  a r e  included i n  Tables A-X and A - X I ,  
Figure 15 i n d i c a t e s  t h a t  the recess ion  r a t e s  of ATJ 
g r a p h i t e  a t  a l l  temperatures and of tungsten a t  5500°F increase  
l i n e a r l y  wi th  the  impingement angle ,  The s lope  of the  curve i s  
s i m i l a r  f o r  a l l  of these  t e s t s .  A t  3500" and 4500°F, tungsten 
e x h i b i t s  a departure  from l i n e a r i t y  a t  low angles .  For tungsten 
a t  4000°F and 4500°F t h e  30" impingement angle  produced about 
20% decrease i n  recess ion  r a t e  compared t o  the  45" impingement 
angle.  I n  a l l  o the r  t e s t s ,  the  decrease i n  r ecess ion  was about 
10% l e s s  a t  30". These r e s u l t s  do i n d i c a t e  t h a t  t h e  measured 
recess ion  r a t e s  a r e  a funct ion  of impingement angle ,  but  the  e f -  
f e c t  i s  r e l a t i v e l y  small  a t  t h e  low impingement angles  t h a t  pre-  
v a i l  i n  rocket  nozzles ,  
The recess ion  r a t e s  of A T J  g r a p h i t e  and W-15Re-20Ir i n  
100% f l u o r i n e  were measured a t  3000" and 4000°F, It was not 
possible ,because of t h e  l i m i t a t i o n  of the  f l u o r i n e  flowmeter, t o  
conduct these  t e s t s  a t  a t o t a l  flow r a t e  of 10 c f h ,  Accordingly, 
these  t e s t s  were conducted a t  a t o t a l  flow r a t e  of 0.65 cfh--the 
mass flow r a t e  of f l u o r i n e  used f o r  argon-6,5 v /o  f l u o r i n e  t e s t s ,  
The r e s u l t s  a r e  summarized i n  Table A - X I 1  (Appendix A), Data for 
argon-6.5 v /o  f l u o r i n e  a r e  included f o r  comparison, 
Calculated recess ion  r a t e s  i n  100% f l u o r i n e  were ap- 
proximately d.ouble those i n  argon-6.5% f l u o r i n e .  This was the  
r e s u l t  of two f a c t o r s :  (1) an increase  i n  t h e  d.well time of f l u -  
o r ine  molecules on t h e  su r face  and. (2 )  very  local ized.  a t t a c k  
I I causing extens ive  c r a t e r i n g "  of the  t e s t  samples. Crater ing r e -  
s u l t s  i n  an increase  i n  t h e  e f f e c t i v e  sample su r face  a r e a  of t h e  
specimen, whereas t h e  slower flow r a t e  increases  the  p r o b a b i l i t y  
of r e a c t i o n ,  
Also shown i n  Table A - X I  i s  a ca lcu la ted  parameter d e -  
f ined as the  u t i l i z a t i o n  f a c t o r .  This i s  an empir ica l  parameter 
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Impingement Angle, degrees 
Fig. 15 - Effect of Impingement Angle on the Surface 
Recession Rate of ATJ Graphite and Tung- 
sten in Flowing Argon-6.5 v/o Fluorine. 
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indicating the fraction of the fluorine flow that is consumed by 
reaction with tungsten. The utilization factor can be readily 
derived from the total flow as follows: 
Ft = FB + Fi (1) 
where Ft = total mass flow rate of corrodent 
F = mass flow bypassing the specimen B 
Fi = mass flow impinging on the specimen. 
Since there is no reason to assume that all of the flu- 
orine that impinges on the test specimen reacts, Equation 1 
should be written more generally as: 
F~ = F~ + K F ~  + (1 - K)F~ (2 1 
where K has values from 0 to 1. The third term on the right 
side of Equation 2 is that portion of the total flow that im- 
pinges on the specimen without reaction, 
Since the mass flow that bypasses the specimen is in- 
distinguishable from that which impinges without reaction, Equa- 
tion 2 can be rewritten as: 
Ft = FfB + KFi ( 3  ) 
where FIB = FB + (1 - K)Fio 
Dividing Equation 3 by Ft and rearranging, 
KFi Ft - FIB 




FtUF = KFi Q5 1 
where UF is defined as the utilization factor, Clearly UF, like 
K, can only have values of 0 to 1. If UF = 0, no reaction ac- 
curs; and if UF = 1, all of the corrodent gas reacts with the 
test sample. 
Obviously, Equation 5 could be rewritten directly as 
FtUF = Fr, where Fr is the flow rate of gas that does react. 
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However, i t  i s  w r i t t e n  a s  shown t o  demonstrate t h a t  UF i s  d.e- 
termined by a f a c t o r  c o n t r o l l e d  by t h e  r e a c t i o n  k i n e t i c s  (K), 
and a f a c t o r  r e l a t e d  t o  t h e  geometry of t h e  t e s t  ( s ince  Fi = 
Ft - FB). Generally,  the  geometric r e l a t i o n s h i p  i s  c o n t r o l l e d  
by FBa Furthermore, FB should be a minimum f o r  gas impingement 
angles  normal t o  the  t e s t  specimen su r face  and. should. increase  
wi th  increas ing  angle  from t h e  normal. 
The term KFi probably has both geometric and k i n e t i c  
terms i n  t h e  c o e f f i c i e n t ,  It i s ,  i n  f a c t ,  s i m i l a r  t o  t h e  "stick- 
ing c o e f f i c i e n t "  o f t e n  used i n  low flow r a t e  k i n e t i c  ca lcuhat ions  
t o  account f o r  r e a c t a n t  molecules which come i n  con tac t  but d o  
not  r e a c t ,  A geometric f a c t o r  i s  a l s o  usual ly  incorporated i n  
t h e  "s t ick ing  c o e f f i c i e n t "  t o  account f o r  t h e  angle  of impinge - 
ment of t h e  r e a c t a n t s  (p robab i l i ty  of r e a c t i o n ) ,  Here, an a d d i -  
t i o n a l  term involved i n  K, r e l a t e d  t o  the  dwell time of gas mole-  
cu les  i n  contac t  wi th  the  su r face ,  may a l s o  be important because 
of t h e  h igh  flow r a t e s ,  
The usefu lness  of Equation 5 i s  t h a t  only Ft i s  known 
during experimentation, I f  UF i s  known, the  weight of ssk id  re -  
moved per  u n i t  time can be w r i t t e n  a s :  
MR = (FtUF) (Ms)r ( 6  > 
where MR = weight of s o l i d  removed per u n i t  time 
MF = molar r a t i o  of so l id ,  t o  gas i n  t h e  r eac t ion  
Ms = molecular weight of the  sol id . ,  
I n  terms of l i n e a r  recess ion ,  Equation 6 i s :  
where R = l i n e a r  r ecess ion  r a t e  
A = a r e a  of specimen 
C = conversion f a c t o r  t o  ob ta in  l i n e a r  r a t e s .  
Since Ft, A ,  and Ms a r e  known f o r  any t e s t ,  UF can be 
ca lcula ted .  from experimental  r ecess ion  r a t e  d.ata i f  t he  
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stoichiometry of the  r e a c t i o n  (MF) i s  known. The term MF i s ,  o f  
course,  s u b j e c t  t o  change wi th  temperature,  d.epend.ing upon t h e  
s t a b i l i t y  range and, number of r e a c t i o n  prod.ucts. Furthermore, 
it does no t  n e c e s s a r i l y  pred.ict  t h e  s toichiometry of the  reac-, 
tion. product which i s  d.esorbed, from t h e  su r face .  Rather,  i t  d e -  
f i n e s  t h e  s toichiometry (or average s to ichiometry)  of the reac- 
t i o n  prod.ucts formed. without  d.is t inguish ing  whether the  f  i .nal  
product i s  obtained. a t  t h e  su r face  or  i n  t h e  gas stream after 
d.esorption. For example, t h e  prod.uct leaving the  su r face  may be 
MF2, bu t  r e a c t i o n  i n  t h e  adjacent  gas s t ream r e s u l t s  i n  a m6 
prod.uct, I n  t h i s  case,  the  u t i l i z a t i o n  f a c t o r  i s  obvioeasjly d.e-, 
termined only by t h e  f i n a l  r e a c t i o n  prod.uct, s i n c e  i t  i s  a mea- 
s u r e  of t h e  t o t a l  r e a c t a n t  gas  consumed i n  t h e  r e a c t i o n ,  
I n  order  t o  make t h e  UF c a l c u l a t i o n ,  t h e  stoicbiiometry 
of t h e  r e a c t i o n  products must be known o r  assumed, It was shewn 
by H i l l ,  (I) t h a t  the  r e a c t i o n  product of tungsten i n  f l u o r i n e  a t  
3000°-5800°F i s  l i k e l y  WF6. The decrease i n  r ecess ion  r a t e  of 
tungsten above 5000°F was shown t o  be t h e  r e s u l t  of thermal d e -  
composition of t h e  WF6 molecule.. U t i l i z a t i o n  f a c t o r s  shown i n  
Table A - I X ,  t h e r e f o r e ,  were ca lcu la ted  assuming t h a t  t h e  WF2 r e -  
a c t i o n  product i s  WF6. 
A s  p revious ly  s t a t e d ,  UF i s  an empir ica l  parameter d e -  
termined by both t h e  mechanism and k i n e t i c s  of t h e  gas-metal re-  
a c t i o n ,  and a geometric f a c t o r  a s soc ia ted  wi th  t h e  t e s t  method, 
Clear ly ,  t h e  v a r i a t i o n  i n  r ecess ion  r a t e  wi th  impingement angle 
i s  con t ro l l ed  by the  geometric f a c t o r ,  There i s  no reason t o  
assume any v a r i a t i o n  i n  r e a c t i o n  product s toichiometry wi th  i m -  
pingement angle ,  The d a t a  i n  Table A - X I  i n d i c a t e  t h a t  about 30% 
of the  f l u o r i n e  r e a c t s  with t h e  tungsten sample a t  a  30' impinge- 
ment angle ,  U t i l i z a t i o n  f a c t o r s  f o r  tungsten i n  6 ,5  v /o  f l u o r i n e  
a t  45' and 90" a r e  about 0 0 4  and 0.5, r e s p e c t i v e l y ,  This should 
be expected, s i n c e  t h e  f r a c t i o n  of the  gas stream bypassing t h e  
specimen (F ) should inc rease  wi th  decreasing impingement angle, B 
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The s i g n i f i c a n c e  of t h e  u t i l i z a t i o n  f a c t o r  i s  shown i n  
a  comparison of experimental  measurements and recess ion  r a t e s  
ca lcu la ted  from Equation 7 f o r  tungsten i n  flowing 2,5,  6,5, and 
10 v/o f l u o r i n e  i n  Figure 16. Calculated r a t e s  were obtained 
based on a  UF of 0.4 and WF6 r e a c t i o n  product (W -I- 3F2 - WF6; 
MF = 113). The u t i l i z a t i o n  f a c t o r  was obtained from t h e  experi- 
mental r a t e  of tungsten i n  6,5 v/o f l u o r i n e ;  the  f l u o r i n e  flow 
r a t e  f o r  t e s t s  i n  6.5 v /o  f l u o r i n e  was 1.37 x  lo-' gram-moles/min. 
Figure 16 i n d i c a t e s  t h a t  exce l l en t  agreement i s  ob- 
ta ined  f o r  a l l  t h r e e  atmospheres t o  about 4 5 0 0 " ~ ~  Departure f r o m  
t h e  ca lcu la ted  r a t e s  occurs above 4500°F because of thermal d e -  
composition of t h e  WF6 molecule above 5000°F. The e x c e l l e n t  
agreement shown i n  Figure 16 i s  not  s u r p r i s i n g  s i n c e  it  merely 
suggests  t h a t  WF6 i s  the  most s t a b l e  r e a c t i o n  product and the 
value of K i n  Equation 5 remains constant  i n  atmospheres con- 
t a i n i n g  2.5-10% f l u o r i n e ,  This means t h a t  t h e  r ecess ion  rate i s  
d i r e c t l y  propor t ional  t o  t h e  f l u o r i n e  mass flow r a t e ,  H i l l  
showed t h a t  t h i s  was t r u e  f o r  t h e  WF2 r e a c t i o n  a t  4000°F f o r  a t -  
mospheres containing 2,5 t o  26 v/o f l u o r i n e  and flow r a t e s  from 
2,5 t o  12.5 c£h (100-500 f p s ) ,  (2%) 
While t h e  r e s u l t s  shown f o r  t h e  WF2 reac t ions  a r e  n o t  
unexpected., c o r r e l a t i o n  of experimental  r a t e s  wi th  ca$cula. ted.  
r a t e s  f o r  o the r  ma te r i a l s  using t h e  u t i l i z a t i o n  f a c t o r  of 0 , 4  d e -  
veloped f o r  tungsten cannot be expected, These comparisons for 
A T J  g r a p h i t e ,  i r id ium,  and rhenium a r e  shown i n  Figure 17, 
Again, e x c e l l e n t  c o r r e l a t i o n  i s  obtained. f o r  rhenium a t  2500"-  
3500°F and. f o r  i r id ium a t  2500°F i n  argon-6,5 v/o f l u o r i n e  f o r  a 
?%76 r e a c t i o n  product.  A s  f o r  tungsten,  the  c o r r e l a t i o n  breaks 
d.own when t h e  r e a c t i o n  product molecuLe becomes therm,ally unsta- 
b l e .  Thus, i t  appears t h a t  t h e  s t a b l e  r e a c t i o n  product f o r  both 
i r id ium and. rhenium i s  t h e  hexafluoride.  Furthermore, the  value 
of K (Equation 5 )  i s  independent of t h e  sol id . ,  a t  l e a s t  for tb.e 
th ree  meta ls ,  which suggests  t h a t  UF cannot exceed. 0e4.,  It i .s 
p o s s i b l e  t h a t  t h e  r e a c t i o n  prod.uct, f o r  example, might be MF3; 
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Fig. 16 - Comparison of Experimental and Calculated 
Recession Rates of Tungsten in Flowing 
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Fig. 17 - Comparison of Experimental and Calculat- 
ed Recession Rates of Iridium, Rhenium, 
and ATJ Graphite in Flowing Fluorine for 
UF = 0 ,4 .  
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t h e  u t i l i z a t i o n  f a c t o r  would. then be 0-2 .  It i s  un l ike ly  t h a t  
v a r i a t i o n  i n  both MF and UF would r e s u l t  i n  t h e  e x c e l l e n t  corre- 
l a t  ion obtained. f o r  rhenium and i r idium. 
The lower p l o t  i n  Figure 17 shows the  experimental  r e -  
cess ion  r a t e  of ATJ  g r a p h i t e  v s ,  ca lcu la ted  r a t e s  based on seve- 
r a l  poss ib le  r eac t ions  assuming UF= 0.4, Experimentally, ATJ 
g r a p h i t e  decreases i n  recess ion  r a t e  a t  2500"-4000°~, followed 
by a  r a t e  which increases  with increas ing  temperature,  Fa r  
the  assumed u t i l i z a t i o n  f a c t o r ,  t he  average r e a c t i o n  product a t  
2500°F i s  approximately t h a t  of t h e  t e t r a f l u o r i d e ,  The decrease 
i n  r a t e  a t  2500"-4000"~ i s  apparent ly  due t o  thermal instability 
of CF4, o r  higher  carbon f l u o r i d e s .  Increas ing  recess ion  rate 
with temperature above 4000°F appears t o  be associa ted  wi th  a 
d i f f e r e n t  s t a b l e  product,  poss ib ly  CF5 or  CF6. 
The p l o t  f o r  A T J  g r a p h i t e  does poin t  out  some interest- 
ing conclusions regarding v a r i a t i o n  i n  r ecess ion  r a t e  with tern- 
pera tu re .  A t  a  cons tant  corrodent  flow r a t e  (constant  Fi) reces- 
s i o n  r a t e s  w i l l  decrease wi th  increas ing  temperature only i f :  
(1) t h e  major r e a c t i o n  product becomes uns table ,  or  (2) a proddcf 
having a  h igher  f l u o r i n e  concent ra t ion  becomes s t a b l e ,  On the  
o the r  hand, an inc rease  i n  the  shape of t h e  r ecess ion  r a t e  curve, 
without an invers ion  a s  shown f o r  A T J  g raph i t e ,  i n d i c a t e s  the 
emergence of a  s t a b l e  r e a c t i o n  product with a  lower f l u o r i n e  con- 
c e n t r a t i o n ,  These conclusions a r e  based on the  assumption t ha t  
K (Equation 5 )  should not  decrease wi th  temperature f o r  a  staabLe 
product.  I n  f a c t ,  t h e  converse should be t r u e ,  s i n c e  K i s  depen- 
dent on the  r a t e  of r e a c t i o n  and r e a c t i o n  r a t e s  g e n e r a l l y  i n -  
c rease  wi th  increas ing  temperature. F ina l ly ,  the  s to ichiometry  
of  t h e  r e a c t i o n ,  such a s  t h a t  shown i n  Figure 1 7  f o r  ATJ graphite, 
cannot be determined from the  u t i l i z a t i o n  f a c t o r  c a l c u l a t i o n s ,  
The u t i l i z a t i q n  f a c t o r  concept appears t o  work reason- 
ab ly  we l l  f o r  f l u o r i n e  corros ion  of some pure m a t e r i a l s ,  Further- 
more, the  maximum value of  UF i n  Equation 5  appears t o  be inde- 
pendent of  s u b s t r a t e  m a t e r i a l ,  It could, the re fo re ,  a l s o  be 
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ind.epend.ent of t h e  corrod.ent gas ,  The use of UF t o  compare ca.1- 
culated.  and. experimental  oxid.ation r a t e s  of tungsten,  A T J  graph- 
i t e ,  and. rhenium i s  shown i n  Figures 18 through 20, 
Figure 18 shows t h e  experimental  oxid.ation r a t e  of 
tungsten i n  argon containing 3.25, 4.0,  and. 5.4 v /o  O2 a t  a 400 
fps  flow r a t e ,  The recess ion  r a t e s  i n  a l l  t h r e e  atmospheres 
inc rease  with temperature a t  3000"-4000°F, but  approach a con- 
s t a n t  r a t e  a t  4000"-5000°F. Thus, tungsten i n  oxygen a t  4000"- 
5000°F behaves s i m i l a r  t o  tungsten i n  f l u o r i n e  a t  3 0 0 0 " - 4 5 0 0 " ~ ~  
It i s  g e n e r a l l y  recognized t h a t  the  r e a c t i o n  product of W-O2 r e -  
a c t i o n  i s  very nea r ly  W030 (42) The c a l c u l a t e d  r a t e  i n  5.4 v/o 
O2 a t  UF = 0.4 i s  s l i g h t l y  higher  than t h e  experimental  r a t e  ae 
4000"-500O0F0 Cor re la t ion  i s  obtained. with the  experimental  
r a t e s  i n  5.4 v /o  O2 a t  5000°F f o r  UF = 0.36. Again, e x c e l l e n t  
c o r r e l a t i o n  i s  obtained f o r  3.25 and 4,O v/o  O2 a t  UF = 0.36 i n  
t h e  temperature range of 4000"-4500°F, i , e , ,  UF i s  cons tant  f o r  
atmospheres containing a t  l e a s t  3.25 t o  5.4 v /o  02. The r e s u l t s  
i n  Figure 18 i n d i c a t e  t h a t  UF approaches a cons tant  value a t  
l ~ w e r  temperatures a s  t h e  oxygen concent ra t ion  d.ecreases; UF i s  
e s s e n t i a l l y  constant  over t h e  range of 3500"-5000°F i n  3.2 v/o 
02, whereas i t  approaches a cons tant  va lue  only above 4500°F for 
t he  5.4 v /o  O2 atmosphere. Thus, c o r r e l a t i o n  of ca lcu la ted  
r a t e s  and experimental  r a t e s  should. a l s o  be obtained. a t  oxygen 
concent ra t ion  l e s s  than 3.25 v/o,  wi th in  t h e  range t h a t  WOj i s  
t h e  r e a c t i o n  product ,  
The p l o t  of oxid.ation r a t e s  f o r  ATJ g r a p h i t e  i n  Figure 
19 i l l u s t r a t e s  a cond.ition i n  which more than one well-d.efined. 
r e a c t i o n  product i s  poss ib le .  Both CO and. C02 a r e  poss ib le  re-  
a c t i o n  prod.ucts, a l though CO i s  the  more s t a b l e  prod.uct at: very 
high temperatures.  Obviously, formation of CO w i l l  be fos te red  
by low oxygen flow r a t e s  and. h igh  exposure temperatures.  F igu re  
19 shows t h a t  t h e  experimental  r a t e s  l i e  between t h e  ca lcu la ted  
r a t e s  f o r  CO and. C02 r e a c t i o n  prod.ucts f o r  UF = 0.4, a s  expected. 
Experimental d.ata s c a t t e r  i s  h igh  i n  4.0 v /o  02. However, i n  
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Fig. 18 - Comparison of Experimental and Calculated 
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Surface Recession Rates of ATJ Graphite 
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5.4 v/o O2 the recession rate clearly increases with temperature, 
This means that if UF is constant for the test cond.ition used., 
the concentration of CO in the reaction products increases with 
increasing temperature. 
Figure 20 is a plot of the calculated. and experimental 
rates for rhenium in 2.3 and 5.4 v/o 02. Although the experi- 
mental data are limited., the recession rates appear to increase 
slightly with increasing temperature. The experimental rates 
lie between the calculated rates for Re05 andRe207reaction pro- 
ducts for UF = 0-4, Both atmospheres indicate approach to an 
Re207reaction product at high temperature although UF may not be 
constant over the range of 3500"-5000"~~ It is interesting that 
reasonable correlation is also obtained for HF-O2 mixtures for 
UF = 0.4. Th.e experimental rates in 10 v/o HF-0,56 v/o 0, and 
L 
10 V/O HF-2,5 v/o O2 are about 0,15 and 1.0 mils/min at 5200°F, 
respectively, Calculated rates, assuming all recession is 
d.ue to oxygen, are about 0,29 and. l,2 mils/min, 
Thus, the utilization factor concept can be useful in 
analysis of experimental data for systems of a single corrodent 
gas and a pure solid material, particularly in the range where 
UF is constant with temperature, However, the concept can a l so  
be extended to regions where UF is not constant, For conveni- 
ence, it can be assumed that K =  l for experimental conditions 
where K is constant, This means that all of the eorrodent gas 
impinging on the surface or in the surface layers reacts with 
the solid, It would appear that this is the case, since the re- 
cession rates are directly proportional to the corrodent mass 
flow rate for constant UF and a well-defined reaction product 
stoichiometry, However, K contains terms which define: (1) the 
r l rate of reaction and (2) the dynamic equilibrium" between the 
reactants and products. Thus, some sf the impinging gas materi- 
als can remain unreacted for constant UF and a single reaction 
product. Increasing UF with temperature means that the rate of 
arrival of corrodent gas molecules exceeds the rate at which trhey 
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Fig. 20 - Comparison of Experimental and Calculated 
Surface Recession Rates of Rhenium i n  
Flowing Argon-Oxygen fo r  UF = 0.4. 
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a r e  consumed i n  the  r e a c t i o n  [ ( l  -K)Fi $ 01. Decreasing UF with 
temperature i n d i c a t e s  t h a t  t h e  "dynamic equilibrium" i s  s h i f t e d  
toward, the  r e a c t a n t s ;  i , e , ,  t h e  r e a c t i o n  prod.uct becomes unsta-  
b l e .  The former case i s  represented by the  W-O2 r e a c t i o n  below 
4000°F (Figure 18) ,  and the  l a t t e r  case by the  I r - O 2  r e a c t i o n  
- 
above 2500°F (Figure l a ) ,  I n  e i t h e r  case ,  UF can be ca lcu la ted  
f o r  t h e  r e a c t i o n  a t  any temperature from experimental  d a t a a ,  
The e f f e c t , i n  e i t h e r  case,  i s  simply a  reduct ion  i n  t h e  apparent 
molar r a t i q  MF, i n  Equation 7 .  
The previous d.iscussion has demonstrated: t h a t  the 8 a t i . -  
l i z a t i o n  f a c t o r  concept i s  u s e f u l  i n  examining t h e  r ecess ion  
r a t e  d.ata f o r  some pure ma te r i a l s  and, a  s i n g l e  r e a c t i o n  product,  
p a r t i c u l a r l y  f o r  cond.it ions where UF i s  cons tan t ,  Further  i n -  
s i g h t  i n t o  t h e  d.ata can be obtained. by examination of the  sche- 
matic p l o t  of recess ion  r a t e  (a.nd. UF) versus temperature f o r  the  
genera l  case i n  Figure 21. Th.is p l o t  r ep resen t s  the  recess ion  
ra , tes  f o r  a  s i n g l e  r e a c t i o n  product,  Obviously, a p l o t  of this 
type can be generated. f o r  each poss ib le  r e a c t i o n  prod.uct of the 
gas - so l id  r eac t ion .  The f l a t  po r t ion  (KFi=C) of t h e  curve n c -  
curs  a t  high recess ion  r a t e s  f o r  high values of MF. Furthermore, 
i t  i s  c l e a r  t h a t  t h e  p l o t  shown represen t s  a  plane s e c t i o n  
through a  three-d.irnensiona1 p l o t  i n  wb.ich the  Z a x i s  can be e i -  
t h e r  flow r a t e ,  corrodent  concent ra t ion  i n  t h e  atmosphere, or for 
t h a t  mat te r ,  pressure .  The curve shown, t h e r e f o r e ,  r ep resen t s  
t h e  contour of a  three-d.imensiona1 su r face ,  Thus, t h e  curve 
shape w i l l  change d.epend.in.g on whether t h i s  Z a x i s  r ep resen t s  
v a r i a b l e  flow r a t e  a t  cons tant  corrod.ent concent ra t ion ,  or  v a r i -  
a b l e  corrod.ent concent ra t ion  a t  cons tant  flow r a t e .  I n  e i t h e r  
case,  t h e  bound.ary of t h e  so l id .  evaporat ion region w i l l  remain 
e s s e n t i a l l y  i n v a r i a n t  a t  cons tant  p ressu re ,  
A r ecess ion  r a t e  curve such as t h a t  shown i n  Figure 2 1  
can p r e v a i l  whether t h e  atmosph.ere i s  s t a t i c  o r  flowing, As will 
be d.iscussed, l a t e r ,  t h e  e f f e c t  of flow r a t e  i s  t o  s h i f t  t he  t e m -  
pe ra tu re  of t h e  bound,aries. I n  any case ,  a condi t ion  KFi = C 
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Fig. 21 - Schematic Diagram of the Variation in Reces- 
sion Rate With Temperature for a Single 
Volatile Reaction Product. 
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cons tant  must always p r e v a i l  f o r  the  gas - so l id  r eac t ion ;  the  
l i m i t i n g  condi t ion  i s  always KFi= Fie A region of dynamic equi- 
librium. con t ro l  can only e x i s t  i f  t he  r eac t ion  product becomes 
unstable  a t  high temperature,  such a s  t h a t  shown previously for 
t he  metal  f1eaor id . e~~  Melting w i l l  occur a t  a  s p e c i f i c  tempera- 
t u r e  f o r  e s s e n . t i a l l y  a l l  experimental  cond.i t ions,  but  t h e  loca- 
t i o n  s f  the  bound.ary f o r  s o l i d  evaporat ion w i l l  be pressure  de- 
pend.enk . 
A complete curve such as  t h a t  shown i n  Figure 2 1  i s  
r a r e l y  r e a l i z e d  i n  low-pressure s t a t i c  t e s t s  of gas-metal  reac- 
t i o n s  because t h e  d i f f u s i o n  region can extend t o  very high kern- 
pe ra tu res .  The two lower boundaries may be coinc ident .  In the 
absence of an equi l ibr ium-cont ro l led  region ,  evaporat ion o r  m e l t -  
ing of the  s o l i d  m a t e r i a l  may occur before  the  d i f f u s i o n -  
con t ro l l ed  boundary i s  reached, Furthermore, thermal i n s t a b i l i t y  
of t h e  r e a c t i o n  product i s  no t  always observed. 
I n  the  d i f fus ion-con t ro l l ed  region,  the  recess ion  race 
i s  con t ro l l ed  by t h e  r a t e  of a r r i v a l  of gas molecules a t  the sur- 
f ace ,  More s p e c i f i c a l l y ,  the  r ecess ion  r a t e  i s  con t ro l l ed  by the 
a r r i v a l  r a t e  of gas molecules with s u f f i c i e n t  k i n e t i c  energy t o  
surmount t h e  energy b a r r i e r  t o  the  r e a c t i o n ,  (The energy of  dis- 
s o c i a t i o n  of diatomic gas molecules con t r ibu tes  t o  t h i s  ba r r i e r , )  
This suggests  a  reason t h a t  a  curve as  shown i n  Figure 2 1  can ex-  
i s t  f o r  both dynamic and s t a t i c  atmospheres, The a d d i t i o n a l  k i -  
n e t i c  energy imparted by t h e  pressure  drop i n  a  dynamic system i s  
i n s u f f i c i e n t  t o  permit a l l t h e  impinging gas molecules t o  surmounk 
t h e  energy b a r r i e r ,  The e f f e c t  of high flow r a t e s  of the  corro-  
dent gas i s ,  the re fo re ,  t o  s imula te  a  temperature-accelerated ar-  
r i v a l  r a t e ,  without  imparting a  comparable inc rease  i n  k i n e t i c  
energy. For example, t h e  gas product i s  employed i n  t h i s  program 
were about 400 f p s ,  I n  c o n t r a s t ,  t h e  average v e l o c i t y  of oxygen 
atoms a t  O ° C  ca lcu la ted  from k i n e t i c  theory i s  about 1300 fps, (43  ) 
and inc reases  wi th  temperature.  Thus, t h e  k i n e t i c  energy due t o  
flow i s  a  minor, a l though no t  n e g l i g i b l e ,  p a r t  of t h e  t o t a l  k ine-  
t i c  energy, p a r t i c u l a r l y  a t  h i  h  temperatures,  The major effect 
R E s E i i c H  l N s T l T u T E  
IITRI-B6 102,s- 13 
(Fina l  Report) 
of a  flowing system i s  t h e r e f o r e  t o  s h i f t  the bound.ary of the 
d. i ffusion-control led.  region t o  a  lower temperature. The d . i f f u -  
s i o n  control led.  region provid.es t h e  f a m i l i a r  Arrhenius p l o t  used. 
f o r  c a l c u l a t i o n  of the  apparent a c t i v a t i o n  energy f o r  the  reac- 
t i o n .  
The region KFi = C i s  l e s s  c l e a r l y  defined than any 
o the r  regions i n  t h e  p l o t ,  This condi t ion  i s  normally c a l l e d  
t h e  r eac t ion-con t ro l l ed  region ,  s i n c e  t h e  recess ion  r a t e  i s  con- 
sid.ered. t o  be d.epend.ent on t h e  solid.-gas su r face  r e a c t i o n ,  Sur- 
face  r e a c t i o n  c o n t r o l  means t h a t  t h e  recess ion  r a t e  i s  dependent 
on t h e  slowest of the  f i v e  fundamental s t e p s  i n  t h e  o v e r a l l  re- 
a c t i o n  process.  These s t e p s  inc lude:  (1) adsorpt ion  of the  
corrodent  gas on t h e  s o l i d  su r face ,  (2 )  d i s s o c i a t i o n  of the cor-  
rodent gas molecules, (3 )  formation of r e a c t i o n  products ,  ( 4 )  
desorpt ion  of the  r e a c t i o n  product,  and (5) d i f f u s i o n  of the  re- 
a c t i o n  product away from t h e  s o l i d  su r face .  These b a s i c  s t e p s  
a r e  convent ional ly  defined as  important i n  the  r e a c t i o n  process, 
and each can produce t h e  condi t ion  cons tant  KFi For example, 
i f  s t e p  4 i s  t h e  sl-owest, t h e  r e a c t i o n  product w i l l  accumulate 
on t h e  su r face  and l i m i t  t he  a c c e s s i b i l i t y  of su r face  f o r  adsorp- 
t i o n  of gas molecules. Clear ly ,  each of the  o ther  s t e p s  can sim- 
i l a r l y  r e s t r a i n  t h e  o v e r a l l  r eac t ion .  There i s  some quest ion 
whether a l l  of these  s t e p s  a r e  l i m i t i n g ,  as  w i l l  be discussed 
subsequently,  
It would appear t h a t  t h e  cond.ition KF; = cons tant  can 
L 
a l s o  p r e v a i l  i n  any given t e s t  independent s f  any of t h e  five ba- 
s i c  s t e p s  a s  d.efined.. I n  flowing systems, t h e  cond.ition can be 
obtained. without  su r face  r e a c t i o n  c o n t r o l .  Examination o f  Fig.- 
ure 16 i n d i c a t e s  t h a t  t h e  condi t ion  i s  obtained i f  K = 1 (KFi = 
F i )  This s i t u a t i o n  can be obtained. independent of whether t h e  
Z a x i s  i s  e i t h e r  flow r a t e  or  corrod.ent concent ra t ion  a t  cons tant  
flow r a t e ,  It  simply means t h a t  a l l  corrodent  gas molecules i m -  
pinging on t h e  su r face  r e a c t ,  I n  t h i s  context ,  t he  d i f f e r e n c e  
between t h e  d. i f fusion-control led.  and reac t ion-con t ro l l ed  r e g i o n  
i s  i n  t h e  k i n e t i c  energy of t h e  impinging gas molecules. 
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Recession i n  the  d.if fusion-control led.  region i s  d.epend.ent on t he  
f r a c t i o n  of impinging gas molecules with s u f f i c i e n t  k i n e t i c  e n -  
ergy t o  surmount any energy b a r r i e r  t o  r e a c t i o n .  I n  the  region 
KFi = Fi9 a l l  gas molecules have s u f f i c i e n t  energy t o  surmount 
t h e  b a r r i e r ;  a l l  molecules which impinge eventua l ly  r e a c t ,  Ob- 
v i o ~ z s l y ,  t h i s  could. be construed, as equiva lent  t o  s t e p  1 i n  the  
o v e r a l l  r e a c t i o n  process ,  
It was s t a t e d  previous ly  t h a t  Figure 16 rep resen t s  a 
plane s e c t i o n  through a  three-dimensional p l o t ,  where t h e  Z axis 
i s  v a r i a b l e  flow r a t e  a t  cons tant  corrodent  concent ra t ion ,  o r  
constant  flow r a t e  wi th  v a r i a b l e  corrodent  concent ra t ion ,  The 
ocher poss ib le  v a r i a b l e  i s ,  of course,  t o t a l  pressure ,  Increas-  
ing  t o t a l  p ressu re  w i l l  i nc rease  the  recess ion  r a t e  f o r  both o f  
t h e  above condi t ions ,  probably by increas ing  Fi. Thus, the  in-- 
c rease  i n  r ecess ion  r a t e  w i l l  not  l i k e l y  be a  l i n e a r  funct ion  of 
t o t a l  pressure ,  
Var ia t ion  i n  both flow r a t e  and corrodent  concentra- 
t i o n  w i l l  modify somewhat t h e  curve shown i n  Figure 16, An in- 
c rease  i n  corrodent  concent ra t ion  a t  constant  flow r a t e  will re-  
s u l t  i n  an inc rease  i n  t h e  recess ion  r a t e ;  i n  the  region where 
KFi i s  cons tant ,  t h e  recess ion  r a t e  w i l l  be d i r e c t l y  proport ion-  
a l  t o  t h e  corrodent  concent ra t ion ,  This i s  shown i n  Figure 16 
f o r  tungsten i n  f l u o r i n e .  In  t h i s  region,  increas ing  t o t a l  flow 
r a t e  w i l l  s i m i l a r l y  r e s u l t  i n  a  d i r e c t l y  propor t ional  inc rease  
i n  r ecess ion  r a t e ;  both  v a r i a t i o n s  inc rease  Fie There w i l l ,  
however, be a s h i f t  i n  t h e  d i f fus ion- reac t ion  boundary depending 
on t h e  method of inc reas ing  Fi. 
The magnitude of t h e  s h i f t  i n  t h e  r eac t ion-d i f fus ion  
boundary i n  Figure 21 w i l l  be dependent on t h e  t e s t  method, i-e,, 
whether a  hot  o r  cold gas i s  employed, A l l  of t h e  t e s t s  i n  this 
program were hot  subs t ra t e -co ld  gas t e s t s ,  I n  a  rocket  nozzke, 
an inver se  r e l a t i o n s h i p  e x i s t s  --a ho t  gas-cold wa l l  condi t ion  
p r e v a i l s ,  I n  order  t o  compare t h e  two condi t ions ,  i t  i s  neces- 
s a r y  t o  def ine  the  temperature i n  Figure 21 a s  e i t h e r  t h a t  sf 
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t h e  gas or the  sol id . .  I f  i t  i s  assumed, t h a t  t h e  temperature i.n- 
d.icated. i n  Figure 21 i s  t h a t  of t h e  s o l i d ,  the  inf luence  o f  ho t  
or cold gas  a t  cons tant  flow r a t e  can be assessed., The genera l  
shape o f t h e  curve w i l l  no t  be changed., only t h e  boundaries be- 
tween t h e  var ious regions w i l l  be sh i f ted . ,  
For a  ho t  gas  t e s t ,  the  d. i f fusion-surface r e a c t i o n  
bound.ary w i l l  tend. t o  be sh i f t ed .  d.ownward i n  temperature from a 
cold. gas t e s t  because t h e  h o t  gas molecules have h igher  k i n e t i c  
energy. The reaction-equi.1ibrium bound.ary must be unaffected. o r  
a l s o  s h i f t  downward. f o r  the  same reason,  The recess ion  rate f o r  
a  hot  gas t e s t  i n  t h e  d . i f fus ion-cont ro l led  region i s  t h e r e f o r e  
always h igher  than f o r  a  cold. gas t e s t ,  Increas ing  t h e  flow 
r a t e  (Z  a x i s )  a t  cons tant  corrodent concent ra t ion  i n  a hot gas 
t e s t  w i l l  r e s u l t  i n  an increase  i n  the  so l id .  su r face  temperature,  
An inc rease  i n  the  c0rrod.en.t gas concent ra t ion ,  w i l l  probably 
have a s i m i l a r  e f f e c t ,  s i n c e  r a t e  of genera t ion  of exothermic 
energy per  u n i t  a r e a  w i l l  i nc rease ,  Thus, v a r i a t i o n  of bo th  co r -  
rod.ent concent ra t ion  and flow r a t e  w i l l  r e s u l t  i n  an apparent 
s h i f t  of t h e  whole curve d.ownward. i n  temperature f o r  t h e  sam.e 
i n i t i a l  so l id .  temperature. 
For a  co ld  gas t e s t ,  an inverse  e f f e c t  w i l l  l i k e l y  be 
obtained.  Here, some of t h e  impinging gas molecules may r e q u i r e  
e x c i t a t i o n  a t  t h e  su r face  t o  surmount t h e  energy b a r r i e r ,  The 
e f f e c t  w i l l  be t o  reduce the  so l id .  su r face  temperature,  particu- 
l a r l y  i f  unreac t ive  gas molecules, such a s  t h e  argon used i n  
t h i s  program a l s o  impinge on t h e  su r face ,  Increas ing  e i t h e r  the  
corrod.ent concent ra t ion  o r  flow r a t e  w i l l  tend. t o  s h i f t  t h e  curve 
upward. i n  temperature,  p a r t i c u l a r l y  th.e d . i f fus ion-reac t ion  boun- 
dary. This e f f e c t  can be seen i n  t h e  p l o t  f o r  the  W-O2 reaction 
i n  Figure 18. Corrosion t e s t s  i n  t h i s  program minimized. the  
cool ing e f f e c t  by s t a b i l i z i n g  t h e  specimen temperature w i t h  the  
argon flowing p r i o r  t o  in t roduc t ion  of  t h e  corrodent  gases ,  
The above d i scuss ion  suggests  t h a t  the  major e f f e c t  of 
t e s t  method on the  schematic p l o t  i n  Figure 21 i s  i n  t h e  
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diffusion-controlled region and at the diffusion-reaction boun- 
dary. Shift of the diffusion-reaction boundary upward in tem- 
perature is maximum for a static test. For a flowing col!d gas 
test, increasing either flow rate or corrodent concentration 
will tend to reduce the temperature range of constant KFi by in- 
creasing the temperature of the diffusion-reaction boundary, 
Finally, the exothermic energy released at the solid 
surface by the reaction can also influence the oxidation- 
corrosion behavior, This energy is probably dissipated in seve- 
ral mechanisms. One method is thermal conductance into the sol- 
id material. At low temperatures, the solid surface can in- 
crease in temperature with exposure time, as was observed for 
the W-F2 corrosion tests at 2000°-2500"~. Dissipation by ra- 
diation to the surroundings will also occur, Exothermic energy 
can also be absorbed by excitation of the impinging gas mole- 
cules under cold gas-hot wall conditions, Finally, a portion sf 
the energy can be employed in imparting translational motion to 
the gaseous reaction products evolving from the surface, Reac- 
tion products leaving the surface must have a kinetic energy at 
least equal to that they would have at the surface temperature 
of the solid, Since the thermal velocity is considered greater 
than the pressure-induced velocity, a concept of "sweeping" away 
reaction products appears questionable, In a static system, 
ejection of reaction products will likely be random, although 
the mean ejection direction is normal to the surface, In a f l o w -  
ing system, collision with incoming unreacted molecules must s@- 
cur; gas flow would apparently only bias ejection in the direc- 
tion of the free stream flow, 
Examination of the experimental corrosion rates in Fig- 
ures 16 through 20 illustrates several conditions indicated by 
Figure 21. Only for the W-F2 reaction (Figure 16) is a reasona- 
bly complete curve obtained, Although not shown in Figure 16, 
the measured recession rate in 6.5 v/o F2 decreases slightly be- 
low 3000°F. Thus, the W-F2 reaction approximates the reaction- 
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control led.  region including both boundaries i n  t h e  range of 
2500"-5500°F. Figure 1 7  i n d i c a t e s  t h a t  t h e  Ir-F2 and Re-F2 p l o t s  
a r e  i n  t h e  region of t h e  reac t ion-equi l ibr ium bound.ary, I n  con- 
t r a s t ,  t he  W-Op p l o t s  a r e  near  the  d i f f u s i o n  su r face  r e a c t i o n  
bound,ary (Figure 18) .  The C-F2 (Figure 16) p l o t s  appear t o  be i n  
t h e  equi l ibr ium-cont ro l led  region and t h e  C-O2 (Figure 19) reac- 
t i o n  i n  t h e  d. i f fusion-control led.  region.  Location of t h e  plotted. 
d.ata f o r  A T J  g r a p h i t e  i s  no t  c l e a r  s i n c e  t h e  p o s s i b i l i t y  of sev- 
e r a l  r e a c t i o n  prod.uct s to ich iomet r i e s  suggests  t h a t  t h e  experi-  
mental r ecess ion  r a t e s  may be d.ue t o  overlapping recess ion  curves 
of t h e  var ious  s t a b l e  spec ies .  A s i m i l a r  s i t u a t i o n  may p r e v a i l  
f o r  rhenium i n  oxygen (Figure 2 0 ) -  
Thus f a r ,  d. iscussion has been concerned. only wi th  reac- 
t i o n s  of one corrod.ent gas with an unalloyed. s o l i d  m a t e r i a l ,  It 
i s  a l s o  poss ib le  t o  extend. t h e  a n a l y s i s  t o  more than one r e a c t a n t  
gas or  an a l loyed  s o l i d  m a t e r i a l ,  For a  cond.ition of  combined. 
corrodent  gases ,  Equation 7 can be w r i t t e n  a s :  
where Fta = flow r a t e  of corrod.ent a  
Ftb = flow r a t e  of corrodent  b 
M ~ a  = molar r a t i o  f o r  r e a c t i o n  with corrodent  a  
MFb = molar r a t i o  f o r  r e a c t i o n  wi th  corrodent  b  
Equation 8 can be employed, provided t h a t  t h e  r e a c t i o n  
prod.ucts prod.uced. by t h e  var ious  corrod.ent gases  a r e  d i s t i n g u i s h -  
a b l e ,  i . e . ,  no complex products a r e  formed.. I n  t h e  region where 
KFi i s  cons tan t ,  UF i s  cons tant .  Thus, f o r  two r e a c t a n t  gases, 
an unalloyed. s o l i d  m a t e r i a l  and. cons tant  UF, Equation 8 i s :  
Equation 9 means t h a t  t h e  r ecess ion  r a t e s  due t o  t h e  
i n d i v i d u a l  corrod.ent gases  can be slammed t o  ob ta in  t h e  t o t a l  
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r ecess ion  r a t e s ,  This can be accomplished wi th in  the  r e s t r a i n t s  
imposed by increas ing  t h e  t o t a l  corrodent concent ra t ion  a s  dis- 
cussed previously.  Obviously, formation of a complex product 
w i l l  r e s u l t  i n  a dev ia t ion  i n  t o t a l  recess ion  from t h a t  given by  
Equation 9 because t h e  values of MFa and MFb w i l l  change. 
Recession r a t e s  ca lcu la ted  from Equation 9 and experi- 
mental da ta  f o r  tungsten a t  4000°F and f o r  rhenium a t  3500"- 
5200°F i n  fluorine-oxygen a r e  p l o t t e d  i n  Figures 22 and 23,  re -  
s p e c t i v e l y ,  The d a t a  a r e  summarized i n  Tables A - X I 1 1  and A-XIV 
(Appendix A). Also shown i n  Table A - X I 1 1  i s  t h e  average u t i l i -  
z a t i o n  f a c t o r  f o r  t h e  o v e r a l l  r e a c t i o n  of tungsten i n  oxygen and 
fluorine-oxygen a t  4000°F, The values f o r  UF i n  oxygen and i n  
fluorine-oxygen, with the  except ion of 0,108 c f h  oxygen, are i n  
t h e  range of 0,32 t o  0,37" This i s  no t  s u r p r i s i n g  s i n c e  the 
value of UF f o r  oxygen a t  4000°F was about 0.36 (Figure 171, 
The p l o t  of calculated.  versus experimental  r a t e s  f o r  
tungsten i n  oxygen and. fluorine-oxygen i n  Figure 22 i n d i c a t e s  
t h a t  t h e  ca lcula ted .  r a t e s  a r e  genera l ly  h igher  than t h e  experi- 
mental ,  This i s  expected. because of t h e  red.uction i n  UF, I n  
oxygen, reasonable comparison i s  obtained. up t o  flow r a t e s  o f  
2 about 0.325 c f h  (7 x mils/cm /mi*). Deviation a t  h igher  
flow r a t e s  i s  due t o  t h e  inf luence  of corrod.ent concentra.t ion on 
t h e  d . i f fus ion-reac t ion  boundary as  d.ischnssed, previous l y e  
In fluorine-oxygen, a s i m i l a r  e f f e c t  i s  observed, 
However, inc reas ing  oxygen concent ra t ion  i n  t h e  range of 0-0,163 
c f h  (0-1,63 v /o  02) has  l i t t l e  inf luence  on t h e  experimental  r e -  
cess ion  r a t e ,  Above a flow r a t e  of 0,325 c fh  t h e  curves f o r  
ca lcula ted .  and experimental  r a t e s  a r e  about t h e  same shape, 
These r e s u l t s  suggest  t h a t  a F2-O2 r e a c t i o n  producing 0 F corn-, 
x Y 
pounds may occur,  con t r ibu t ing  t o  t h e  red.uction i n  UF. 
Figure 23  compares t h e  c a l c u l a t e d  and. experimental  
r aces  f o r  rhenium i n  fluorine-oxygen a t  3500"-5200°F, The v'alue 
of UF (Table A-XIV) f o r  t h e  Re-F2 r e a c t i o n  above 3500°F was ca l -  
c u l a t e d  from t h e  recess ion  r a t e  of rhenium i n  f l u o r i n e .  (" Good 
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Oxygen Flow Rate, c f h  
Fig. 22 - Comparison of Calculated and Experimental 
Recession Rates of Tungsten i n  Flowing 
Oxygen and. Fluorine-Oxygen a t  4000°F, 
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A6.5  v / o  F2-5.4 v / o  O2 
Calcula ted .  
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c o r r e l a t i o n  i s  obtained f o r  0.65 c f i  F2-0.54 c f h  O2 (6.5 v /o  F2- 
5.4 v /o  02) ,  but  devia t ions  a r e  evid,ent f o r  0.65 c fh  F2-0.4 cfh 
02' It  i s  probable t h a t  most of the  d,eviation f o r  the  lower ox- 
ygen flow r a t e  i s  due t o  experimental  e r r o r ,  
Equation 9 can a l s o  probably be employed t o  c a l c u l a t e  
the  recess ion  r a t e  r e s u l t i n g  from one or  more corrod.ent gases 
r e a c t i n g  wi th  an alloyed. (or composite) so l id . .  I n  t h i s  case ,  
t h e  value of UF can be time d.epend.ent i f  t he  r ecess ion  r a t e s  of 
t h e  componen.ts of t h e  so l id ,  m a t e r i a l  a r e  s i g n i f i c a n t l y  d i f f e r -  
e n t .  This cond.it ion was d.iscussed. previous ly  concerning th.e 
time d.epend.ence of t h e  recess ion  r a t e s  of W-Re-Ir a l l o y s ,  Equa- 
t i o n  9 must be mod.ified. t o  account f o r  the  atomic percent  &a/o) 
of the  var ious c o n s t i t u e n t s  i n  the  so l id ,  ma te r i a l .  Thus, f o r  
two components i n  the  so l id .  and, a s i n g l e  corrod.ent gas Equation 
9 becomes : 
where Bl = A x atomic concent ra t ion  of component 1 
B2 = A x atomic concent ra t ion  of component 2  
I f  t h e  r ecess ion  r a t e s  of components 1 and. 2  a r e  equal ,  then 
UFl = UF2 = UF. This a l s o  means t h a t  MF must be equal  f o r  the 
two components, Om t h e  o the r  hand., i f  a  wide d. i f ference i n  r e -  
cess ion  r a t e s  e x i s t s ,  only the  i n i t i a l  recess ion  r a t e  (time = 0) 
i s  given by Equation 10. A s  the  exposure time inc reases ,  the 
r ecess ion  r a t e  approaches t h a t  d.ictated.  by t h e  term i n  Equation 
10 g iv ing  the  s lowest  r ecess ion  r a t e .  Measurement of t h e  value 
of  UF wi th  increased. time t h e r e f o r e  becomes d . i f f i c u l t ,  s i n c e  
s e v e r a l  terms i n  t h e  equat ion (UFl, UF2' B13 B ) w i l l  vary w i t h  2  
time. 
Some i n s i g h t  i n t o  t h e  mechanism of oxid.ation-corrosion 
can a l s o  be obtained. i n  systems i n  which o the r  than gaseous re-- 
a c t i o n  prod.ucts a r e  poss ib le .  This condi t ion  p r e v a i l s  i n  
f  luorine-oxygen f o r  s o l i d  ma te r i a l s  which d.evelop high melting 
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oxides,  such as  graphi te -carb ide  composites. Here, both s o l i d  
(or l iquid.)  oxid.es and. gaseous f lu0rid.e  a r e  poss ib le  r e a c t i o n  
prod.ucts. 
The oxid.ation-corrosion behavior of HfC-33 v /o  C and. 
TaC-20 v/o C i n  fluorine-oxygen and. hyd,rogen fluoride-oxygen w a s  
examined.. Af ter  oxid,ation-corrosion t e s t s  , a t h i n  f i l m  of 0xid.e 
was usual ly  found. on the  carbid.e composites, Furthermore, F'ks,w 
of  l iquid.  0xid.e was apparent on both composite ma te r i a l s  above 
t he  melt ing po in t  of the  r e spec t ive  oxid.e, This suggested tha t  
formation of the  oxid.e preced.ed, genera t ion  of gaseous f  luorid.es ,  
Accord.ingly, both HfC-C and. TaC-C samples were exposed. f o r  15 
s e c  a t  3000"-500O0F0 Af te r  exposure, the  oxide was c a r e f u l l y  
removed, and the  oxida t ion  ( recess ion)  r a t e  ca lcu la ted  from the  
weight l o s s .  It was hoped t h a t  the  s h o r t  exposure time would. 
g ive  a  reasonable approximation of the  i n i t i a l  oxid.ation r a t e ,  
The short- t ime oxida t ion  r a t e s  i n  2.3 and 5.4 v/o O2 
a t  3000"-5000"~ f o r  HfC-33 v /o  C and TaC-20 v / o  C a r e  p l a t t e d  
along wi th  oxidat ion-corrosion r a t e s  i n  f  luorine-oxygen (I '  and 
hydrogen fluoride-oxygen(') i n  Figures 23 and 24. Figure 23 i n -  
d i c a t e s  a  reasonable comparison of the  oxida t ion  and ox ida t ion-  
cor ros ion  r a t e s  f o r  HFC-C, a t  l e a s t  above 4000°F. Be t t e r  match- 
ing of  t h e  recess ion  r a t e s  i n  fluorine-oxygen below 4000°F c c u L d  
be achieved, but  the  15 sec  oxida t ion  exposure was probably too 
long t o  ob ta in  the  i n i t i a l  oxida t ion  r a t e  a t  3000" and 3500°F, 
I n  hydrogen fluoride-oxygen, t h e  h igher  oxida t ion  r a t e  below 
3500°F suggests  t h a t  a  d i f f e r e n t  mechanism might p r e v a i l  a t  the  
lower temperature. 
Figure 25 i n d i c a t e s  t h a t  t h e  oxida t ion  r a t e s  f o r  TaC-C 
a r e  lower than the  oxidat ion-corrosion r a t e s .  Again, t h i s  i s  
probably due t o  the  i n a b i l i t y  t o  ob ta in  the  i n i t i a l  r a t e  by a 15 
s e c  exposure. Since TaZ05 melts about 3 4 0 0 " ~ ~  g l a s s e s  w e r e  d e -  
veloped i n  oxygen a t  3500°F and above, which probably a l s o  r e -  
duced i n i t i a l  oxida t ion .  I n  any case,  i t  appears t h a t  the  
oxida t ion-corros ion  r a t e  i n  fluorine-oxygen and hydrogen fluoride- 
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Fig. 24 - Comparison of Short Time Oxidation 
and Oxidation-Corrosion Rates for 
HfC-33 v/o C. 
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oxygen i s  d.etermined by the  0xid.e forming r e a c t i o n ,  Carbid.e 
composites have r e l a t i v e l y  low recess ion  r a t e s  of 1-2 mils/min 
i n  6 ,5  v /o  f l u o r i n e  and. 0 , l - 0 - 2  i n  10 v /o  hyd.rogen f l u o r i d e ,  (1 > 
It t h e r e f o r e  appears t h a t  i n  oxygen-containing atmospheres t h e  
oxide i s  developed. i n i t i a l l y ,  which subsequently r e a c t s  w i t h  the 
f l u o r i n e .  I n  the  temperature range where s o l i d  oxid.es a r e  
formed., t he  r a t e  of r e a c t i o n  with f l u o r i n e  i s  about equiva lent  
t o  the  r a t e  a t  which the  0xid.e i s  developed. 
The u t i l i z a t i o n  f a c t o r  concept d.oes permit c a l c u l a t i n g  
recess ion  r a t e s  of r e f r a c t o r y  mate r i a l s  i n  a  v a r i e t y  of f l u o r i n e  
and, oxygen environments, 0xid.ation-corrosion t e s t s  cond.ucted. i n  
t h i s  program represen t  a  reasonable s imula t ion  of  t h e  cond.itioms 
t h a t  should p r e v a i l  i n  a  rocket  nozzle ,  For example, only a 
smal l  f r a c t i o n  of corrodent  gas flow through a  rocket  nozzle 
r e s u l t s  i n  t h r o a t  r ecess ion ,  Although the  t e s t s  conducted here- 
i n  were cold gas-hot wa l l  t e s t s ,  most of t h e  t e s t s  were conduc-  
ted, i n  o r  near  t h e  r eac t ion-con t ro l l ed  region ,  Since the  r eces -  
s i o n  r a t e  i s  ind.epend.ent of t h e  gas temperature,  oxidation.-  
cor ros ion  d.ata generated, i n  t h i s  program should. be app l i cab le  t o  
t h e  cold, wal l -hot  gas environment of a nozzle ,  The major varia- 
b l e  i s  t o t a l  pressure  s i n c e  a l l .  t h e  l abora to ry  t e s t s  were con- 
d.ucted. a t  about atmospheric pressure ,  
I n  s p i t e  of these  d i f f e r e n c e s ,  i t  i s  poss ib le  t h a t  t h e  
u t i l i z a t i o n  f a c t o r  concept can be employed i n  es t imat ing  th roa t  
recess ion  r a t e s  i n  rocket  nozzles ,  The u t i l i z a t i o n  f a c t o r  in 
nozzles  should be much smal ler  than was obtained i n  t h e  labora-  
t o r y  t e s t s .  I n  a nozzle ,  t h e  lower u t i l i z a t i o n  f a c t o r  w i l l  be 
p a r t i a l l y  o f f s e t  by higher  mass flow r a t e s  and h igher  t o t a h  
pressure .  However, i t  may be poss ib le  t o  e s t ima te  a  u t i l i z a t i o n  
f a c t o r  f o r  nozzle  conf igura t ions  i n  a  subsca le  l abora to ry  test, 
This should permit es t imat ion  of t h e  t h r o a t  r ecess ion  f o r  nozzle 
mate r i a l s  a t  var ious  nozzle  temperatures,  flow r a t e s ,  and exhaust 
gas  compositions. These d a t a  should be much more b e n e f i c i a l  
than r e l a t i v e  l abora to ry  recess ion  r a t e  d a t a  i n  e s t a b l i s h i n g  
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engine opera t ing  cond.it ions,  nozzle design, and. m a t e r i a l  selec- 
t i o n  f o r  the  t h r u s t  chambers and, nozzles f o r  f l u o r i n e  engines,  
111. SUMMARY AND CONCLUSIONS 
A l i t e r a t u r e  search  was cond.ucted. t o  d.efine matr ix-  
a d d i t i v e  combinations s u i t a b l e  f o r  f a b r i c a t i o n  i n t o  oxid.ation.- 
cor ros ion  r e s i s t a n t  composites f o r  use i n  l i q u i d  rocket  engine 
exhausts containing both f l u o r i n e  and. oxygen. The survey i n -  
c  lud.ed. a l l  r e f r a c t o r y  mate r i a l s  melt ing above 4000 OF, exc1,ud.in.g 
oxid.es. Se lec t ion  c r i t e r i a  f o r  t h e  composites system included.: 
melting po in t  above 4000°F, oxid.ation-corrosion r e s i s t a n c e  in 
fluorine-oxygen, high-temperature thermal s t a b i l i t y ,  and. f ab r i -  
c a b i l i t y ,  The r e s u l t s  s f  t h e  l i t e r a t u r e  survey d.emonstrated. 
t h a t  W-Re-Ir and Re-Ir a l l o y s ,  HfIr3, T a I r 3 ,  and poss ib ly  BN 
warrant f u r t h e r  eva lua t ion ,  It was a l s o  shown t h a t  f r e e  boron 
i n  exhaust prod.ucts could. 1 i r n i . t  t he  poten. t ia1 nozzle m a t e r i a l s ,  
1rid.iurn and. i r id ium-r ich  a l l o y s  remained. t h e  most oxid.ation- 
cor ros ion  r e s i s t a n t  ma te r i a l s  f o r  fluorine-oxygen. These mater- 
i a l s ,  however, would, probably be most s u s c e p t i b l e  t o  a t t a c k  by 
boron.. 
Attempts t o  f a b r i c a t e  W-Re-Ir and. Re-Ir a l l o y s  by hot 
r o l l i n g  a t  2200°F were u.nsuccessful, Ir-33Re d.ernonstrated. s o m e  
ho t  workab i l i ty  a t  both 1,800" and. 2200°F, 
0xid.ation-corrosion t e s t s  were cond.ucted. i n  fbuariri.e, 
hyd.rogen f 1 ~ o r i d . e ~  fluorine-oxygen, and. hyd.rogen f1uorid.e-oxygen 
atmospheres a t  3000'-5000°F on W-Re-Ir a l l o y s ,  Re-25Ir, Re-,3%Ir, 
HfIr3,  and TaIr3.  Again, t h e  HfIr3 and TaIr3 compounds had the 
b e s t  o v e r a l l  oxidat ion-corrosion r e s i s t a n c e  i n  these  atmospheres 
a t  3000"-4500°F, The Re-Ir a l l o y s  a l s o  had reasonably good 
oxida t ion-corros ion  r e s i s t a n c e ,  W-Re-Ir a l l o y s  conta in ing  up t o  
20 w/o i r id ium exh ib i t ed  oxidat ion-corrosion r a t e s  about one- 
h a l f  t h a t  of unalloyed. tungsten.  Surface recess ion  r a t e s  f o r  BN 
were very high i n  both f l u o r i n e  and, hyd.rogen f 1 ~ o r i d . e ~  
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Corrosion t e s t s  were a l s o  cond.ucted. on ATJ  g r a p h i t e ,  
tungsten,  i r idium, and Re-Ir a l l o y s  i n  BF3, BF -0 and. BF3-H2 3  29  
atmospheres a t  3000"-4500°F. The r e s u l t s  ind ica ted  t h a t  BF3 i s  
not  a  major cor ros ive  spec ies  f o r  these  m a t e r i a l s ,  The boron 
generated. i n  BF3-H2 atmospheres caused su r face  melt ing of iridi- 
um a t  3000"-4000°F, and. tungsten above 4000°F, Re-351r a h s o  ex- 
h ib i t ed .  su r face  melting a t  4000°F, but  A T J  g raph i t e  was urraffee- 
ted, t o  4800°F, Boron, t h e r e f o r e ,  i s  a  major problem f o r  n ~ a k e r i -  
a l s  t h a t  form low-melting e u t e c t i c s  with boron, and can cause 
su r face  recess ion  equiva lent  t o ,  o r  higher  than,  t h a t o f f P u s r i n e  
and oxygen f o r  these  ma te r i a l s .  
Corrosion t e s t s  of A T J  g r a p h i t e  i n  argon-10 v/s hydro- 
gen indica ted  t h a t  t h e  r ecess ion  due t o  hydrogen i s  a  secondary 
problem below 4800 OF. Surface recess ion  r a t e s  i n  t h i s  atmosphere 
were a t  l e a s t  an order  of magnitude l e s s  than i n  f l u o r i n e  o r  ox- 
ygen below 4000 OF, 
Melting i n t e r a c t i o n  temperatures were determined for 
i r id ium,  TaIrg ,  and HfIr3 i n  contac t  wi th  carb ides ,  bor ides ,  and 
ATJ g r a p h i t e ,  The h ighes t  melting temperatures (-4500°F) w e r e  
obtained wi th  TaIrg i n  combination with TaC-C and g r a p h i t e .  
HfIr3 i n  combination wi th  HfC-C and g r a p h i t e  melted n e a r t h e I r - - C  
e u t e c t i c  temperature (4170°F), The melting temperature of about 
2500°F f o r  t h e  I r - B  e u t e c t i c  was v e r i f i e d .  Rhenium i n  con tac t  
wi th  HfC-C melted a t  about 4850°F, These r e s u l t s  suggest that 
TaIr3-graphi te  o r  TaIr3-TaC composites warrant f u r t h e r  evalua- 
t i o n .  Other systems with high-temperature p o t e n t i a l  a r e  Re-lr 
a l l o y s  i n  combination with g r a p h i t e  o r  carb ides .  
The approximate melt ing po in t s  of W-Re-Ir a l l o y s  w e r e  
d.etermined. and. shown t o  d.epend. on the  i r id ium concent ra t ions ,  
A l l  of t h e  a l l o y s  evalua ted  i n  t h i s  program had. melting points 
above 4500°F, The lowest melt ing po in t s  (4600°F)  were m e a -  
sured on t h e  W-15Re-20Ir and W-25Re-201r a l l o y s ,  
The following conc l~ l s ions  can be d.rawn from t h e  work 
cond.ucted. i n  t h i s  program;. 
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1. Surface melting r e s u l t i n g  from i n t e r a c t i o n  with boron 
i s  a p o t e n t i a l  problem f o r  some high-temperature rocket  nozzle 
mate r i a l s  as severe  a s  t h a t  of f l u o r i n e  o r  oxygen, Unfortunate- 
l y ,  i r id ium-r ich  m a t e r i a l s ,  which have t h e  b e s t  f luorine-oxygen 
r e s i s t a n c e ,  a r e  s u s c e p t i b l e  t o  a t t a c k  by f r e e  boron. 
2, Hydrogen, hydrogen f l u o r i d e ,  and boron t r i f l u o r i d e  
g e n e r a l l y  e x h i b i t  r ecess ion  r a t e s  a t  l e a s t  an order  of magnitude 
l e s s  than f l u o r i n e  o r  oxygen a t  comparable flow r a t e s  f o r  most 
r e f r a c t o r y  m a t e r i a l s ,  
3. Composites combining i r id ium-r ich  (TaIr3) o r  R e - I r  
ad.d.itions t o  carbid.es or ATJ g r a p h i t e  have some promise f o r  
fluorine-oxygen atmospheres, The o the r  systems which o f f e r  some 
promise a r e  W-Re-Ir and. Re-Ir a l l o y s ,  
4 ,  Fabr ica t ion  of W-Re-Ir and. Re-Ir  a l l o y s  by conwen- 
t i o n a l  ho t  working w i l l  be d . i f f i c u l t ,  Ir-33Re probably can be 
ho t  worked. a t  1800"-2500 "F. 
5 ,  The recess ion  r a t e s  of nozzle  m a t e r i a l s  i n  rocket  
engines could be est imated from labora to ry  d a t a  by c o r r e l a t i o n  
of  t h e  corrodent  gas flow r a t e  per u n i t  a r e a  of nozzle  s u r f a c e ,  
I V ,  RECOMMENDATIONS 
It i s  recomend.ed, t h a t  the  following work be cond.ucted. 
a s  a l o g i c a l  cont inuat ion  of  t h e  work described. h e r e i n :  
1. Further  eva lua t ion  of r e f r a c t o r y  mate r i a l s  
i n  boron-containing atmospheres should be 
cond.ucted t o  d.efine t h e  magnitud.e of t h e  
boron problem, 
2. Composites based. on Re-Ir and. TaIr, incor-  
porated i n  a g r a p h i t e  and./or TaC-graphite 
ma t r ix  should. be prepared. and. evaluated i n  
fluorine-oxygen and.boron-containing atmos- 
pheres ,  
3 ,  Surface recess ion  da ta  from labora to ry  t e s t s  
should be c o r r e l a t e d  wi th  engine f i r i n g  
t e s t s  by comparison of t h e  corrodent  m a s s  
flow per  u n i t  a r e a  of l a b o r a t o r y t e s t s p e c -  
imens and rocket  nozzles .  
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A P P E N D I X  A 
OXIDATION- CORROS I O N  DATA TABLES 
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TABLE A - I  
CORROSION RATE OF REFRACTORY MATERIALS 
I N  ARGON-6.5 V / O  FLUORINE 
C a l c u l _ a t e d  
(a > S p e c i f i c  S u r f a c e  Alloy E x p o s u r e  Weight Weight R e c e s s i o n  
C o m p o s i t i o n ,  T e m p e r a t u r e ,  LOSS, Rate, 
w/o O F  g m  mil/min 
TABLE A - I  (cont.) 
Calculated 
(a > Specific Surface Alloy Exposure Weight Weight Recession 
Composition, Temperature, Loss, Loss Rate, 
W/O OF €3"' mg/cm mill / m i n  
(a)~xposure time - 5 min 
IITRI-B6102-13 
(Final Report) 
TABLE A - I 1  
CORROSION RATE OF REFRACTORY METALS 
I N  FLOWING ARGON-10 V/O HYDROGEN FLUORIDE 
- 
Cal.culated 
(a > S p e c i f i c  S l~r face  A l l o y  E x p o s u r e  Weight Weight R e c e s s  ion 
C o m p o s i t i o n ,  T e m p e r a t u r e ,  LOS s , LOSS, R a t e ,  
w / o  O F  g q / c m 2  mi. 1 /min 
-- 
(a)~xposure t i m e  5 m i n .  
I I T R I - B 6 1 0 2 - 1 3  
(F ina l  R e p o r t )  
TABLE A-111 
CORROSION RATE OF REFlRACTORY MATERIALS 
IN FLOWING ARGON-6,5 v/o FLUORINE-5.4 V/O OXYGEN 
Calculated 
Specific Surface 
Alloy Exposure (a) Weight Weight Recession 
Composition, Temperature, LOSS, Lossd Rate, 
W/O OF g mg/cm mi l/min 
W-15Re-1OIr 3500 1.445 148.0 2,93 
4000 1,554 169.5 3,36 
4500 1,976 203.0 &,01 
W-15Re-15Ir 3500 1,469 150,O z095 
4000 1,446 149.0 2 , 9 4  
4500 1,519 164,8 3,24 
W-15Re-201r 3500 1,627 109.0 2,13 
4000 1,872 123.0 2.40 
4500 1.961 135.0 2,64 
W-25Re-10Ir 3500 1,184 161,2 3,k5 
3500 1,432 163,5 3,20 
4000 1,519 153.0 3,01 
4500 1,410 16000 3,k2 
W-25Re-15Ir 3500 1.340 138,8 2,70 
4000 1,470 155.2 3,02 
4500 1.393 153,l 2,98 
W-25Re-201r 3500 (b) 1,739 111,O 2,15 
4000 1,158 139,5 2,%Q 
4000 1,108 147,O 2,85 
4500 1,110 134,O 2,60 
Re-25Ir 3000 1.141 125,O 2,30 
4000 1,213 146.0 2 ,69  
4500 1,315 162,O 2,528 
Re-351r 3000 1,008 110,O 2,01 
4000 0,935 108,5 2,OO 
4500 0.881 111,5 2 , 0 2  
Ir-23Hf 3000 2,088 136,O 2-78 
3500 0,641 71,6 b ,46  
4500 0,357 48.3 0,99 
Ir-23.9Ta 3000 0,578 80.2 1,63 
3500 0.240 27,7 0,56 
4500 0,486 57,2 1,16 
(a)~xposure time 5 min unless noted otherwise. 
(b)~xposure time 3 min. 




CORROS ION RATES OF REFRACTORY MATERIALS 
IN FLOWING ARGON-10 v/o' BORON TRIFLUORIDE 
Specific Calculated 
Exposure (a) Weight Weight Surface 
Temperature, Loss, LOSS, Recession Rate, 

















(a)~xposure time, 5 min, 
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TABLE A - V I  
CORROSION RATE OF A T J  GRAPHITEANDTUNGSTEN 
I N  FLOWING ARGON-4.32 v/o BF3-4.0 v/o O2 
Calc .u la ted  
S p e c i f i c  Surface 
Exposure (a) Weight Weight Recessicm 
Temperature, LOSS, Loss, Rate, 
Material OF g mg / cm2 mi l l m i n  






( a ) ~ x p o s u r e  t ime, 5 min. 
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TABLE A - V I E  
CORROSION RATE OF REFRACTORY MATERIALS 
I N  FLOWING ARGON-10 v /o  HmROGEN-10 v /o  BORON TRIFLUORIDE 
Exposut-:) Temp., 




Spec i f i c  Calculated 
Weight Surf ace 







A T J  Graphite 3500 0,006 0,4.0 
4000 0.005 0.35 
4.5 00 0.010 0,72 
4800 0.019 E. 38 
Iridium 3000 bb) 
--(w - - 3500 
--@I - - 4000 - - - - 
w~xposure  time 10 min. 
(b)Samples brazed t o  W support  rod. 
( ' I~st imated % melt ing of the  sample. 
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TABLE A - V I I I  
CORROSION RATE OF A T J  GRAPHITE 
I N  FLOWING ARGON-HYDROGEN 
Spec i f i c  C a l c u l a t e d  
E x p o s u r e  W e i g h t  W e i g h t  Surface 
Temp.  , L o s s ,  R e c e s s i o n  R a t e ,  
OF g m i  1s / m i n  
A r g o n  
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TABLE A - I X  
TIME DEPENDENCE OF THE CORROSION RATE 
OF W - R e - I r  ALLOYS 
Calculated 
S p e c i f i c  Exposure Condi t ions  Weight Weight Surface A 1  l oy  
a) Recession Composition, Temp, Time, ( LOSS, LOSS, 
OF 
Rate, 
W / O  min gm mg /cma m i  l /min 









0 ,391  71.8 Ie41 
4500 0.5 0.117 109.0 






0.395 92,3 Ls83 
W- 15Re-15 Ir 4000 0.5 0 . 144 
1 







0.482 82.8 1,64 








82.4 1 - 6 2  
0.362 74.2 1,46 
4000 1 0.231 
2 73.5 0.209 1,44 
4 66.5 1,30 0.424 66,5 1,30 
4500 1 0.185 70.0 1,37 
2 
4 
0.187 71.0 1,39 
0.325 61.6 Be21 
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Temp, Time, (a) 
OF min 
S p e c i f i c  
Weight Weight 
Loss , Loss, 
gm mg/cm2 




mi 1 / m i n  
4500 1 0.160 5 3 . 4  1,031 
2 0.181 60.1 
4  
1, 16 
0.312 51.8 1,OO 
- 
( a ) ~ u m u l a t i v e  exposure on s i n g l e  sample. 
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TABLE A-X 
CORROSION RATE OF ATJ GRAPHITE 
IN FLOWING ARGON-6.5 v/oFLUORINE 
Calculated 
Specific Surface 
Impingement Weight Weight Recession 
Temp,, Angle , LOSS, Loss, Rate, 
OF deg (a) g mg/cm2 mils /min 
(a)~ngle of gas impingement measured from horizontal. 
(b)3 min run; remainder 5 min. 




CORROSION RATE OF TUNGSTEN IN FLOWING ARGON-6.5 v/o FLUORINE 
Calculated 
Specific Surface 
Impingement Weight Weight Recession 
Temp,, Angle, LOSS, LOSS, Rate, Utilization 
OF deg (a) g mg / cm2 mi 1s /min Factor,  UF 
(a)~ngle of gas impingement measured from horizontal. 
(b)~verage value for the range 3500 "-5000°F. 
min run; remainder 5 min. 




CORROSION RATE OF ATJ GRAPHITE AND W-15Re-20Ir IN FLOWING FLUORINE 
S p e c i f i c  
Test  Fluor ine  Weight Me ight  Recession 
Material Temp., Concentration LOSS, t o s s  Rate, 
Composition OF V / O  mg / cma /min mi 1s / m i n  
ATJ Graphite 3000 
3500 
4000 
3000 (a) 2,750 280,O 5 ,4 
4000 100 1,420 145,5 2 - 8  
(a)~emperature rise -300'~ during 5 m i n  run. 
(b)~otal flow rate 10 cfh. 
(''~otal flow r a t e  0.65 cfh. 
(d)~stimated. 
TABLE A-XI11 
COMPARISON OF CALCULATED AND MEASURED RECESSION RATES 
OF TUNGSTEN IN FLOWING FLUORINE-OXYGEN ATMOSPHERES AT 4000°F 
Oxygen 
Fluorine Flow Average Recession Rate, mils /min Utilization 
Flow Rate, Rate, Calculated., 
cfh cfh Experimental (a) UF = 0.4 Factor (b ) 
(a)~rom reference 1. 
(b)~alculated from experimental recession rate, quation 
122 IITRI-B6102-13 
(Final Report) 
TABLE A - X I V  
COMPARISON OF CALCULATED AND MEASURED RECESSION RA,TES 
OF RHENIUM I N  FLOWING FLUORINE-OXYGEN 
T e s t  U t i l i z a t i o n  
Temperature, Fac to r  (a>  
OF F2 O2 
6.5 V / O  Fz-4,0 v / o  0 2  
3500 0 ,4  0 0 3 5  4 ,22  4,64 
4500 0.18 0 , 4  4 ,37  3,50 
5200 0 0 0 9  0 , 4  3.39 2 - 8 9  
( a ) ~ ~  c a l c u l a t e d  from d a t a  i n  i n d i v i d u a l  environments.  
( b ) ~ r o m  r e f e r e n c e  1. 
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